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PREFACE 


The  Seventh  Solid  Freeform  Fabrication  (SFF)  Symposium,  held  at  The  University  of 
Texas  in  Austin  on  August  12-14,  1996,  was  attended  by  over  200  national  and  international 
researchers.  Papers  addressed  SFF  issues  in  computer  software,  machine  design,  materials 
synthesis  and  processing,  and  integrated  manufacturing.  The  continued  growth  in  the  research, 
application  and  development  of  SFF  approaches  was  readily  apparent  from  the  increased 
participation  over  previous  years  and  the  diverse  domestic  and  foreign  attendees  from  industrial 
users,  SFF  machine  manufacturers,  universities,  and  government.  The  excitement  generated  at  the 
Symposium  reflects  the  participants'  total  involvement  in  SFF  and  the  future  technical  health  of  this 
growing  technology.  The  Symposium  organizers  look  forward  to  its  being  a  continuing  forum  for 
technical  exchange  among  the  expanding  body  of  researchers  involved  in  SFF. 

The  Symposium  was  again  organized  in  a  manner  to  allow  the  multi-disciplinary  nature  of 
the  SFF  research  to  be  presented  coherently,  with  various  sessions  emphasizing  computer  issues, 
machine  topics,  and  the  variety  of  materials  aspects  of  SFF.  The  demand  for  a  forum  at  the  SFF 
Symposium  posed  a  conflict  with  the  desire  to  maintain  the  meeting  at  three  days.  The  compromise 
was  to  move  to  afternoon  parallel  sessions  for  the  first  time  and  to  extend  the  meeting  to  three  full 
days.  The  poster  session  was  also  expanded.  We  believe  that  documenting  the  constantly 
changing  state  of  SFF  art  as  represented  by  these  Proceedings  will  serve  both  the  people  presently 
involved  in  this  fruitful  technical  area  as  well  as  the  large  flux  of  new  researchers  and  users  entering 
the  field. 

The  Japanese  Technology  Evaluation  Center  and  its  companion  World  Technology 
Evaluation  Center  at  Loyola  College,  under  a  cooperative  agreement  with  the  National  Science 
Foundation,  assessed  the  state  of  SFF  in  Europe  and  Japan.  Dr.  Fritz  Prinz  of  Stanford  University 
chaired  the  study  and  a  review  of  this  assessment  at  the  Symposium.  The  panel  participants  were 
Clint  L.  Atwood  (Sandia  National  Labs),  Richard  Aubin  (United  Technologies  Research  Center), 
Joe  Beaman  (University  of  Texas),  Robert  L.  Brown  (The  Gillette  Company),  Paul  Fussell  (Alcoa 
Technical  Center),  Allan  Lightman  (University  of  Dayton  Research  Institute),  Emanuel  Sachs 
(Massachusetts  Institute  of  Technology),  and  Lee  Weiss  (Carnegie  Mellon  University).  Slides  of 
the  original  presentation  and  JTEC  report  ordering  information  is  available  on  the  worldwide  web  at 
http://itri.loyola.edu/rp/top.htm. 

The  editors  would  like  to  extend  a  warm  “Thank  You”  to  Glorya  Gutchess  for  her  detailed 
handling  of  the  logistics  of  the  meeting  and  the  Proceedings,  as  well  as  her  excellent  performance 
as  registrar  and  problem  solver  during  the  meeting.  We  also  acknowledge  the  support  efforts  of 
Cindy  Pflughoft  throughout.  We  would  like  to  thank  the  organizing  committee,  the  session 
chairmen,  the  attendees  for  their  enthusiastic  contributions,  and  the  speakers  both  for  their 
significant  contribution  to  the  meeting  and  for  the  relatively  prompt  delivery  of  the  manuscripts 
comprising  this  volume.  We  look  forward  to  the  continued  close  cooperation  of  the  SFF 
community  in  organizing  the  Symposium.  We  also  want  to  thank  ONR  through  Grant  No. 
NOOO 14-96- 1-0441,  ARPA,  and  The  Minerals,  Metals  and  Materials  Society  and  the  University  of 
Connecticut  at  Storrs  for  co-sponsoring  the  Symposium  with  the  Mechanical  Engineering 
Department  and  the  Center  for  Materials  Science  and  Engineering  at  the  University  of  Texas  at 
Austin. 
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Abstract 

Investment  casting  is  increasingly  widely  used  in  the  production  of  metal  prototypes  in 
conjunction  with  rapid  prototyping  (RP)  technologies.  Some  types  of  RP  models  can  be  used 
directly  as  sacrificial  patterns  in  the  casting  process,  but  this  can  prove  costly  and  time 
consuming  where  a  number  of  castings  are  required. 

Soft  tooling  such  as  resin  tooling  and  silicon  rubber  tooling  are  used  to  produce  a 
number  of  wax  patterns  for  subsequent  casting,  using  an  RP  model  as  the  master. 
Stereolithography  faced  tools  are  starting  to  be  used  as  in  some  circumstances  they  can  offer 
time  savings  over  other  soft  tooling  methods.  This  paper  aims  to  compare  the  costs  and  times 
taken  to  produce  wax  patterns  for  use  in  investment  casting  using  the  different  soft  tooling 
techniques  and  QuickCast™  build  style  for  use  as  a  casting  pattern. 

Introduction 

Rapid  prototyping  allows  several  options  for  the  investment  casting  process.  The 
QuickCast™  build  style  that  can  be  used  with  3D  Systems  stereolithography  (SL)  machines 
can  be  used  directly  as  patterns  for  investment  casting.  Some  problems  have  been  reported  due 
to  expansion  during  the  burnout  of  the  model.  Patterns  may  also  be  produced  by  Selective 
Laser  Sintering,  Fused  Deposition  Modelling  and  Laminated  Object  Manufacture  (Dickens  et 
at).  Producing  the  investment  casting  patterns  by  rapid  prototyping  can  be  very  successful  if 
only  a  few  parts  are  needed.  However,  as  the  number  of  prototypes  required  increases,  RP 
becomes  increasingly  expensive  and  time  consuming.  Soft  tooling  can  then  become  useful 
because  many  wax  patterns  can  be  produced  relatively  quickly  and  cheaply  once  the  tool  is 
made. 


The  most  common  ‘soft’  methods  of  tooling  are  those  of  resin  and  silicon  rubber. 
Recently,  workers  have  started  to  experiment  with  SL  faced  tools  backed  with  filled  epoxy 
resin.  Additionally,  solid  SL  dies  have  been  fitted  to  aluminium  bolsters,  and  used  as  low 
pressure  wax  injection  moulding  tools. 

The  Direct  Shell  Production  Casting  (DSPC)  technique  can  also  be  used  to  produce 
investment  casting  shells,  but  this  also  suffers  from  high  costs  when  many  castings  are  needed, 
but  may  also  be  used  to  make  moulds  directly  (Sachs  et  at). 

Two  metal  sintering  processes  have  recently  been  reported  which  will  enable  the  direct 
production  of  metal  tools  for  wax  injection  moulding  (Klocke  et  at). 
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Experimental  Technique 

A  test  part  was  chosen  from  a  ‘live’  project  which  was  suitable  for  the  investment 
casting  process  and  could  not  be  moulded  using  a  two  part  tool.  It  was  decided  that  a  four 
part  tool  would  he  required  to  release  the  part  without  the  loss  of  any  features.  The  design, 
consisting  of  a  core,  an  ‘L’  shaped  base/back,  and  two  side  plates  was  kept  constant 
throughout  the  different  types  of  tool  made  (see  figure  4). 

Resin  Tool 

Prior  to  construction,  a  sprue  bush  guide  was  fitted  to  the  part.  The  resin  tool  sections 
are  made  by  constructing  a  series  of  boxes  around  the  SL  part  sequentially,  that  will  define  the 
split  lines  and  outside  edges  of  the  first  part  of  the  tool.  Location  cones  and  studding  to  hold 
the  tool  together  were  embedded  in  the  moulding  box  into  each  moulding  box.  Firstly,  a  metal 
filled  epoxy  gelcoat  was  applied  to  the  surface,  which  was  strengthened  by  applying  six  layers 
of  glass  fibre,  laminated  with  epoxy  resin.  This  shell  was  then  filled  with  an  epoxy  resin/sand 
mix  to  create  the  solid  tool  section.  This  process  takes  4-10  hours  depending  on  the 
complexity  of  the  part  and  moulding  box.  The  resin  is  left  to  cure  for  12  hours,  until  it  is  solid. 
The  moulding  box  is  removed,  leaving  the  first  part  of  the  tool,  with  the  SL  model  partially 
embedded  in  it.  The  next  box  is  then  constructed  defining  the  next  split  lines  and  edges  of  the 
tool.  This  process  then  continues  until  all  of  the  tool  sections  have  been  made. 

The  factors  influencing  the  speed  of  manufacture  of  the  tool  are  : 

•  The  number  of  parts  that  will  make  up  the  tool 

•  The  time  taken  for  the  resin  to  cure  -  about  12  hours. 

•  The  time  taken  to  construct  the  moulding  box  -  a  complex  split  line  on  a  detailed 
part  will  require  more  time. 

•  The  time  taken  to  lay  down  the  glass  fibre  matting  -  flat  and  gently  curving  parts 
are  easily  covered,  where  as  bosses  require  more  care,  and  therefore  time. 

Silicon  Rubber  Tool 

Silicon  rubber  tools  are  widely  used  to  make  prototype  and  short  run  tools  for  use  with 
gravity  pour  or  low  pressure  injection  if  the  mould  is  supported  in  a  frame  (Mueller), 
especially  when  polyurethane  parts  are  required. 

The  tool  is  created  by  firstly  making  a  moulding  box  that  will  define  the  outside  edges 
of  the  tool.  The  split  lines  are  then  defined  on  the  ACES  SL  part  using  scotch  tape,  coloured 
to  make  it  easier  to  see  in  the  silicon.  The  injection  point  is  also  defined  and  attached  to  the  SL 
part  at  this  point.  The  part  is  suspended  in  the  moulding  box,  and  silicon  rubber  is  mixed, 
degassed,  and  poured  around  the  part.  The  rubber  is  left  to  set  for  about  24  hours,  which 
leaves  the  SL  part  encased  in  a  solid  rubber  block.  The  rubber  is  cut  down  to  the  tape,  with 
jagged  lines,  so  that  the  tool  will  fit  together  well,  and  separated  into  its  four  parts. 

The  factors  that  control  the  speed  of  production  of  the  tool  are  as  follows: 

•  The  time  taken  for  the  rubber  to  cure 

•  The  complexity  of  the  split  line,  which  will  increase  the  set-up  time,  and  the  time 
taken  to  cut  the  tool  apart. 
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SL/Resin  Tool 

The  SL/resin  tool  is  made  up  from  a  SL  mould  face  and  mould  box,  which  is  then 
backfilled  with  a  sand  filled  epoxy  resin  (Tsang  et  at). 

The  starting  point  of  the  SL/resin  tool  is  the  creation  of  the  three  dimensional  solid  of 
the  part  using  a  suitable  CAD  package.  Then  by  using  appropriate  Boolean  operations,  the 
tool  faces  are  generated,  and  given  a  wall  thickness  of  >2  mm,  and  the  side  walls  of  the  mould 
faces  are  drawn  to  create  a  cavity  for  the  resin/sand  to  be  poured  into.  The  four  parts  are  then 
made  on  the  SLA  and  backfilled  with  sand  filled  epoxy  resin.  Because  the  location  cones  and 
studding  for  clamping  the  tool  were  not  included  in  the  SL  parts,  these  four  parts  had  to  be 
backfilled  sequentially,  which  added  to  the  build  time  considerably. 

The  factors  controlling  the  speed  of  manufacture  of  the  tool  are  as  follows: 

•  CAD  time  to  produce  a  3D  representation  of  the  tool  faces. 

•  SLA  build  times 

•  Resin  cure  times 

Injection  of  tools  and  resulting  patterns 

A  moving  platen  top  injection  machine  was  used  (a  Maymar  MV30),  which  has  a 
closing  force  of  20  tons  applied  through  the  nozzle,  and  ran  at  a  pressure  of  250  psi,  with  the 
wax  injected  at  approximately  80  °C.  The  wax  used  was  a  filled  Dussek  Campbell  type  489. 
The  resin  tool  was  successfully  injected  with  15  waxes.  There  was  no  visible  wear  on  the  tool. 
The  resin  tool  needed  to  be  heated  up  to  about  40  °C  for  the  tool  to  fill,  with  a  cycle  time  of 
about  5  minutes.  However,  after  about  5  shots,  the  tool  started  to  get  too  hot,  and  needed 
‘cooling  off  periods. 

As  the  silicon  rubber  tool  would  be  unable  to  take  the  injection  pressures,  without 
enclosing  it  in  a  box,  it  was  attempted  initially  to  gravity  pour  the  wax  into  the  tool.  This  did 
not  create  sufficient  flow  to  fill  the  mould,  so  the  wax  was  poured  into  a  reservoir  connected 
to  the  tool,  and  a  vacuum  of  about  0.2bar  applied  to  an  outlet  on  the  other  side  of  the  tool. 
Several  waxes  have  been  produced  using  this  vacuum  casting  process. 

Unfortunately,  the  SL/resin  tool  exploded  during  the  injection  process. 

QuickCast™  patterns  for  investment  casting 

QuickCast™  is  a  build  style  that  can  be  used  on  3D  Systems’  stereolithography 
machines  to  build  models  that  are  used  as  sacrificial  patterns  for  investment  casting.  Solid 
models  built  using  the  Ciba  Geigy  SL5170  and  the  ACES  build  style  expand  during  the 
burnout  part  of  the  investment  casting  process,  and  can  crack  the  shell  of  the  mould. 

Models  using  the  QuickCast™  build  style  have  an  exterior  skin  encasing  a  honeycomb 
like  internal  structure,  that  should  collapse  in  on  itself  when  the  pattern  is  burnt  out  (Jacobs). 
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Investment  casting 

Shell  investment  casting  involves  creating  a  ceramic  shell  around  a  pattern,  which  is 
then  burned  out,  leaving  a  hollow  shell.  Metal  can  then  be  poured  into  the  mould  to  give  the 
finished  part. 

Investment  casting  of  waxes  is  a  widely  used  technique,  but  only  about  85%  of  parts 
are  successful  This  is  lower  for  direct  investment  casting  of  SL  parts,  even  using  the 
QuickCast™  build  style  (Hague  et  al).  This  reduction  in  the  success  rate  is  due  to  the 
stereolithography  model  not  melting  during  the  autoclave  process,  and  expanding,  to  create 
stresses  in  the  ceramic  shell  which  may  lead  to  cracking,  even  when  the  different  build  styles 
are  used.  Success  in  casting  the  SL  patterns  is  also  dependent  on  the  experience  of  the 
foundry. 

Results 

The  most  time  consuming  tool  made  was  the  SL/resin  mould.  The  four  part  tool  took 
much  longer  than  expected  to  generate  as  a  3D  CAD  file  due  to  the  complex  split  lines  and 
design  features  incorporated  to  minimise  the  SL  build  time.  The  SL  faces  also  took  a  long  time 
to  make  as  the  parts  took  two  builds  on  the  SL,  and  were  each  close  to  the  size  limit  of  the 
machine,  and  so  each  build  itself  took  a  lot  of  time.  Added  to  this  was  the  time  to  back  the 
faces  with  sand  filled  resin.  As  the  same  location  and  clamping  system  was  used  as  the  epoxy 
resin  tool,  the  sand/resin  backing  of  each  piece  also  had  to  be  done  sequentially,  adding  more 
time  to  the  process. 


Figure  1.  A  comparison  of  the  times  to  produce  soft  tooling  from  SL  parts  using  silicon  rubber,  resin,  and 

SL/resin  tooling  techniques. 
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Figure  2.  Plot  of  the  time  taken  to  produce  casting  patterns  by  the  different  tooling  routes. 

During  injection  of  the  SL  faced  tool,  the  tool  failed,  meaning  that  no  wax  pieces  were 
produced  using  it.  This  was  due  to  either  the  pressure  of  the  moulding  machine  holding  it 
clamping  the  tool  together,  or  due  to  the  pressure  of  the  wax  injection. 

The  resin  tool  took  approximately  half  the  time  to  build  than  the  hybrid  tool,  but  also 
took  almost,  twice  the  time  of  the  silicon  rubber  tool..  The  reduction  in  time  over  the  hybrid 
tool  is  due  to  eliminating  the  lengthy  CAD  and  SL  work  involved.  However,  the  increase  in 
time  needed  over  the  silicon  rubber  tool  is  due  to  the  fact  that  each  part  of  the  tool  has  to  be 
made  sequentially.  Therefore,  the  increase  in  time  is  primarily  due  to  the  part  needing  a  four 
part  tool.  The  epoxy  resin  tool  was  injected  successfully  and  gave  a  number  of  wax  patterns. 


Figure  3.  Plot  of  costs  to  produce  casting  patterns  by  the  different  tooling  routes. 

It  can  be  seen  that  the  times  involved  in  producing  a  casting  pattern  in  the  QuickCast 
build  style  are  significantly  faster  than  producing  a  mould  up  to  about  ten  patterns.  Above  this 
number,  time  savings  can  be  made  by  making  a  soft  tool  and  injecting  or  vacuum  casting  wax 
into  them  The  SL  build  times  may  be  faster  than  this  on  larger  machines  using  different 
recoating  techniques,  which  cut  down  on  the  recoating  time  for  each  layer. 
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The  soft  tools  were  cost  effective  when  more  than  about  five  patterns  were  required. 
This  is  due  to  the  relatively  high  costs  of  producing  a  part  by  stereolithography. 


Figure  4.  3D  CAD  model  of  part  used  in  this  investigation,  showing  dimensions  used  over. 
The  dimensions  of  the  final  parts  should  be  as  follows: 

dl  =  rad  55  mm  d2  =  120  mm  d3  =  120  mm  d4  =  120  mm  d5  =  140  mm 
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Figure  5.  Plot  of  the  percentage  dimensional  error  in  the  patterns  and  casting  produced. 

The  casting  patterns  produced  were  measured  on  a  co-ordinate  measuring  machine  to 
give  an  indication  of  the  accuracy’s  of  the  different  routes.  The  wax  pattern  measured  was 
shown  to  be  very  accurate,  although  flash  on  the  part  was  more  evident  than  the  waxes 
produced  by  the  resin  tool.  The  wax  from  the  silicon  tool  also  showed  markings  from  where 
the  tape  that  defined  the  split  lines  had  been.  The  metal  part  produced  from  the  QuickCast 
pattern  showed  the  largest  errors  as  the  measurements  also  included  the  variations  caused  by 
investment  casting.  The  results  from  the  waxes  produced  from  the  resin  tools  were  not 
available. 

The  accuracy’s  obtained  have  to  be  considered  with  relation  to  the  tolerances  quoted 
for  the  investment  casting  process,  and  also  the  fact  that  most  castings  have  some  kind  of 
machining  done  on  them  before  use. 

Conclusions  and  Summary 

The  results  show  that  the  hybrid  SL/epoxy  mould  is  not  effective  in  reducing  times  and 
costs  for  this  test  part.  This  is  due  to  the  size  of  the  part,  which  made  building  the  pieces  in  SL 
time  consuming  Also,  the  four  part  construction  with  locators  and  clamps  added  separately 
mean  that  the  backing  with  resin  also  takes  longer  than  may  be  possible.  The  time  taken  to 
make  the  tool  could  also  be  minimised  in  further  projects  by  utilising  the  flexibility  of  the 
combination  of  3D  CAD  and  SL. 

The  resin  tool  was  successful  in  producing  waxes  for  use  in  investment  casting.  The 
tool  was  robust  enough  for  the  wax  injection  process  with  no  visible  damage  to  the  tool. 
However,  as  with  the  other  soft  tools,  they  cannot  easily  be  modified  as  a  metal  tool  can,  and 
so  it  is  perhaps  more  important  that  the  design  is  checked  as  much  as  possible  before  the  tool 
is  made. 

The  silicon  rubber  mould  was  the  fastest  mould  to  make  and  the  number  of  parts  of  the 
tool  does  not  significantly  increase  the  time  required.  The  disadvantage  of  the  silicon  tooling 
means  that  the  wax  cannot  easily  be  injected  without  mounting  the  silicon  in  a  box.  Also,  the 
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means  that  the  wax  cannot  easily  be  injected  without  mounting  the  silicon  in  a  box.  Also,  the 
life  of  the  tool  may  be  limited  to  about  50  mouldings. 


Method 

Total  cost 
of  tool (£) 

Total  time  to 
build  tool 
(days) 

Expected  total 
number  of 
patterns 

Average  error  on 
patterns  produced 

m _ 

Resin  tooling 

1500 

8.5 

500 

N/A 

Silicon  rubber  tooling 

800 

5 

50 

0.12 

SL/resin  tooling 

6000 

14 

0 

N/A 

QuickCast  patterns 

400 

1 

1 

0.44 

Metal  tool 

3000 

15 

5000 

N/A 
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Introduction 

A  rapid  prototyping  technique,  which  was  originally  used  in  mechanical  engineering,  has 
found  applications  in  medicine.  Recently  stereolithographic  models  have  been  used  in 
complex  craniofacial  surgeries  for  visualization,  presurgical  planning  and  implant  design[l- 
4],  There  are  some  advantages  of  model  fabrication  when  preparing  for  surgery:  more 
accurate  evaluation  of  the  patient’s  condition/deformities,  better  informed  consent  for 
surgery  and  better-fitting  artificial  body  parts.  This  paper  is  a  case  report  in  which  a 
sterelithographic  skull  model  was  used  in  the  presurgical  planning  of  a  complex 
craniofacial  tumor  resection. 


Case  Report 

The  patient  presented  with  a  mass  (neurofibroma)  in  the  right  infratemporal  fossa.  MRI 
scan  examination  revealed  that  the  mass  was  wrapped  around  the  internal  carotid  artery 
and  was  high  up  in  the  skull  base  area.  Since  the  mass  was  in  the  infratemporal  fossa 
which  contains  significant  vessels  and  nerves,  it  was  very  important  to  fully  study  the 
relationship  between  the  lesion  and  the  surrounding  structures  in  order  to  decide  which 
surgical  approach  would  be  best. 

2D  and  3D  imaging  analysis  was  performed  first  [Figure  1],  following  this  two  solid 
models  were  made  for  further  surgical  planning,  these  were  based  on  CT  and  MRI  scans, 
respectively.  The  CT  data  was  obtained  on  a  GE  Highspeed  Advantage  Helical  Scanner 
with  5mm  thickness  slices.  It  can  be  noticed  that  the  lesion  was  not  well  shown  on 
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(a)  (b) 


Figure  1.  2D  and  3D  imaging  analysis,  (a)  One  cut  of  CT  scan.  Notice  that  the  lesion  is 
not  shown  clearly  on  CT  image,  (b)  MR  angiography  of  the  interested  region,  (c)  3D 
profile  of  the  patient’s  MRI.  Lesion  was  measured  as  33cc. 

the  CT  images.  The  MR  scan  was  done  on  a  GE  Signa  with  contrast  and  4mm  thickness 
slices  with  2mm  spaces  between.  The  skeletal  model  [Figure  2]  was  manufactured  based 
on  the  CT  scan  by  Stereolithography  Laboratory  in  Troy,  Michigan.  The  dual  color 
stereolithography  [Figure  3]  was  fabricated  by  Materialise  Inc.,  in  Belgium,  based  on  the 
MRI  scan,  this  combined  both  skin  and  tumor  information.  The  color  stereolithography 
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was  to  differentiate  different  structures  in  one  model.  All  of  work  of  CT  and  MRI  imaging 
processing  were  done  by  Materialised  medical  software.  Since  both  scans  were  originally 
for  diagnosis  purposes,  the  slices  were  thicker  and  the  models  look  a  little  rough. 


The  MRI  data  were  segmented  with  the  MIMICS  software  with  the  use  of  thresholding 
and  3D  region  growing.  The  skin  of  the  patient  was  selected  to  serve  as  reference,  the 
lesion  was  selected  semi-automaticly.  The  sterelithography  machine  of  Materialise  was 
equipped  with  a  special  resin  (Zeneca,  UK).  This  resin  has  the  ability  to  color  if  additional 
energy  is  applied  to  the  resin.  A  first  pass  of  the  laser  produces  curing,  with  a  second  pass 
of  the  laser,  the  desired  zone  is  selectively  colored.  The  resolution  of  this  coloration  is  the 
same  as  the  building  resolution. 

This  case  was  the  first  real  case  in  which  selective  coloration  was  used  for  pre-surgical 
planning.  The  total  time  of  making  this  dual  color  stereolithography  model  was  7  hours, 
which  including  less  one  hour  for  the  segmentation  and  additional  editing,  one  and  half 
hours  for  calculating  complete  model  and  supports,  and  less  than  five  hours  for  final 
fabrication  of  the  model. 

The  possible  approaches  to  resect  the  mass  were  considered.  The  models  helped  to  show 
exactly  where  the  lesion  lay  in  relation  to  the  ascending  ramus  of  the  mandible.  Presurgical 
planning  of  the  procedure  on  the  sterelithography  model  enabled  us  to  decide  the  best 
approach,  this  was  the  mandible  swing  procedure.  In  addition,  the  life-size  models  of  the 
patient’s  head,  sitting  in  the  operating  room  during  the  procedure,  gave  the  surgeon  an 
intuitive  view  of  patient’s  condition.  The  mass  which  measured  5x4. 5x2. 5cm  was 
resected  completely.  The  patient  did  very  well  during  the  procedure,  which  lasted  two  and 
half  hours,  and  did  not  require  a  blood  transfusion.  He  has  made  an  excellent  recovery 
from  surgery. 

Discussion 

Presurgical  planning  based  on  3D  CT  and  MRI  has  been  routinely  used  in  the  Institute  for 
Craniofacial  and  Reconstructive  Surgery,  Providence  Hospital,  over  the  past  five  years. 
Advanced  graphic  technique  has  allowed  the  mimic  3D  image  to  be  displayed  on  a  two- 
dimensional  surface.  As  compared  to  the  stereolithographic  skull  model,  it  can  never  be 
truly  three-dimensional.  Thus  for  some  complex  cases  such  as  the  one  presented,  to 
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visualize  the  special  relationship  of  the  complicated  skeletal  areas  to  soft  tissue  complexes 
is  difficult.  Our  preliminary  experience  with  a  3D  solid  model  indicates  that  a 
stereolithographic  skull  model  provides  the  surgeon  with  additional  comfort  in  planning 
prior  to  a  complex  craniofacial  surgery.  It  is  possible  to  perform  real  simulation  surgery, 
resulting  in  significant  reduction  of  operation  time  and  stress  on  the  patient.  With  the  cost 
continuously  decreasing,  we  hope  that  this  technique  can  be  used  more  routinely  in  the 
clinical  setting. 


Concerning  the  quality  of  the  srtereolithogphy  model,  there  are  two  aspects  involved.  One 
is  the  data  acquisition.  The  reduction  of  slice  thickness  and  slice  distance  will  result  in  a 
fabricated  model  with  greater  accuracy.  Another  is  data  processing,  including  properly 
interpolating  imaging  data  between  the  single  slices  and  correctly  segmenting  object  of 
interest  (e.g.  tumor).  In  addition,  for  this  particular  case,  if  we  can  build  a  model,  including 
the  skeletal,  tumor  and  arteries,  that  combines  the  information  obtained  from  CT,  MRI 
and  Angiography,  it  will  be  very  helpful.  We  believe  that  advances  in  computer  design 
techniques  and  enhanced  software  will  solve  this  problem. 
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Abstract 

A  method  for  fabricating  artificial  calcium  phosphate  bone  implants  by  the  Selective  Laser 
Sintering  (SLS)  process  has  been  developed  that  can  fabricate  complex  and  delicate 
calcium  phosphate  bone  facsimiles  from  a  variety  of  data  inputs  including  Computed 
Tomography(CT)  files  (1).  This  paper  discusses  two  in  vivo  biocompatibility  studies  of 
SLS-formed  calcium  phosphate  implants  in  both  rabbits  and  dogs.  Histologic  analysis 
shows  a  high  degree  of  biocompatibility  and  bone  ingrowth  in  both  studies. 

Introduction 

Much  attention  has  been  given  to  develop  materials  that  can  assist  in  the  regeneration  of 
bone  defects  and  injuries  (2).  Although  efforts  has  been  great  in  developing  a 
biocompatible  material,  little  research  has  been  done  toward  the  rapid  and  automated 
shaping  of  replacement  bones  using  these  materials.  A  human  body  is  composed  of  206 
different  bones  and  every  bone  is  different  in  size  from  person  to  person.  Specially,  bones 
in  craniofacial  or  maxillofacial  area  are  prone  to  be  very  complex  in  shape  as  well  as  vary 
in  size.  For  example,  reconstruction  of  the  oral  cavity  could  benefit  from  an  implant  that 
matched  the  shape  of  the  patient’s  original  anatomy,  fit  the  defect  and  guided  the 
regeneration  of  the  soft  tissue. 

As  described  earlier,  we  developed  a  process  that  uses  SLS  to  form  complex  geometries 
from  calcium  phosphate  powders  (1).  This  process,  coupled  with  the  well  established 
medical  imaging  technology  of  Magnetic  Resonance  Imaging  (MRI)  and  CT,  can  precisely 
reproduce  accurate  facsimiles  of  any  skeletal  bone.  The  present  study  examines  the 
biocompatibility  of  implants  made  by  this  process  in  rabbit  and  dog  animal  models. 
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Materials  and  Methods 


Powder  preparation  Monocalcium  phosphate,  monohydrate  (MCP,  Food  grade)  and 
Dicalcium  Phosphate  Anhydrous(DCP/A,  USP/FCC  grade)  were  obtained  from  Rhone- 
Poulenc  Basic  Chemical  Co.  as  raw  materials.  Specimens  with  Ca/P  ratio  of  0.5  to  0.9 
were  formed  in  a  two  step  process.  The  first  step  involved  the  mechanical  mixing  of 
MCP  and  DCP/A  in  such  a  way  that  the  resulting  powder  contained  a  Ca/P  ratio  of  0.9. 
For  example,  0.8  mole  of  DCP/A  and  0.2  mole  of  MCP  were  mechanically  mixed  and  fired 
at  a  controlled  temperature  about  950  °C  to  obtain  a  solid  solution  of  (3-calcium 
pyrophosphate  (3),  P-2CaOP2C>5.  The  resultant  sintered  cake  was  then  either  ball  milled 
or  ground  by  mechanical  blender,  and  selectively  sieved  to  obtain  powders  with  particle 
size  less  than  75  pm 

Following  previously  established  procedures  (4),  a  poly(methymethacrylate-co-n-butyl 
methacrylate)  latex  polymer  was  synthesized  as  a  binder.  The  melt  flow  index  of  polymer 
was  tailored  about  7.7  g/10  min.  at  200  °C  and  75  psi,  as  measured  by  a  Kayness  Galaxy  I 
capillary  rheometer.  This  flow  range  had  been  previously  discovered  to  allow  the  binder 
to  flow  and  rapidly  wet  the  inorganic  material  under  SLS  process  conditions. 

Calcium  phosphate  powder  was  coated  with  polymer  by  spray  drying  a  slurry  of 
particulate  and  emulsion  binder.  The  spray  drier  used  in  this  study  is  a  pilot  -plant  scale 
Anhydro  Laboratory  Spray  Drier  #  1  with  co-current  rotary  atomizer.  This  spray  drying 
process  produces  a  free  flowing  powder  that  has  the  desired  agglomerated  morphology. 
Spray  drying  condition  were  as  follows.  Solids  content  of  slurry  was  45  wt.  %,  inlet 
temperature,  175°C,  outlet  temperature,  110°C,  and  atomizer  speed  was  above  30,000 
rpm.  Polymer  content  in  coated  powder  was  22  wt.  %  as  determined  by  Thermal 
Gravimetric  Analysis  (TGA). 

SLS  processing  Spray  dried  material  were  processed  using  a  beta  test  workstation  SLS™ 
Model  125  equipped  with  modulated  25  W  C02  laser.  Laser  output  power,  beam  scan 
speed,  scan  spacing  and  powder  bed  temperature  were  controlled  to  optimize  the  green 
strength  according  to  the  shape  of  the  implants.  Optimal  settings  for  Energy  Density  (5) 
were  found  to  be  in  the  range  of  1  to  1.5  cal/cm^. 

Post  Processing  SLS-formed  green  objects  were  infiltrated  with  calcium  phosphate 
solution,  fired  to  remove  the  polymeric  binder,  then  fired  at  higher  temperature  to  sinter 
the  calcium  phosphate  particles.  The  parts  were  subsequently  infiltrated  with  DCP/A 
solutions  in  diluted  phosphoric  acid  by  submersing  them  in  the  solutions.  The  capillary 
action  of  the  pores  drew  the  infiltration  solution  into  the  part.  After  the  pores  were  filled 
with  infiltrant,  the  parts  were  allowed  to  dry  prior  to  firing.  The  firing  temperatures  were 
controlled  to  be  lower  than  the  initial  sintering  temperature  to  avoid  further  shrinkage,  but 
high  enough  to  provide  atomic  diffusion  and  chemical  reactions  to  occur  between  Ca  and 
P  in  the  infiltrant  and  that  of  the  green  part.  When  the  green  part  was  first  infiltrated,  the 
Ca/P  ratio  and  solids  content  of  the  infiltrant  were  chosen  to  facilitate  a  clean  bum  out  of 
polymer.  After  debinding,  the  extent  of  infiltration  and  the  concentration  of  the  infiltrant 
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were  varied  to  achieve  desired  density,  pore  structure,  mechanical  strength  and  a  final 
Ca/P  ratio.  This  approach  allowed  the  density  of  the  final  product  and  its  chemistry  to  be 
precisely  controlled  in  the  final  firing  step. 

Material  characterization  The  effect  of  post  processing  on  calcium  phosphate  chemistry 
was  studied  by  X-ray  diffraction.  The  microstructure  of  the  prepared  specimen  was 
evaluated  by  mercury  porosimetry  and  scanning  electron  microscopy  (SEM).  The  SEM 
was  primarily  used  to  visualize  surface  morphology  and  the  internal  structure  of  samples. 

The  pore  structure  of  the  in  vivo  oral  implant,  described  below,  was  measured  by  mercury 
porosimetry  (Poresizer  9320,  Micromeritics).  Prior  to  porosimetiy  measurements,  the 
oral  implant  was  heated  to  expel  the  absorbed  moisture  and  then  stored  in  a  desiccator 
until  analyzed.  The  sample  in  the  Poresizer  was  initially  evacuated  to  25  pm  Hg.  Mercury 
was  then  admitted  and  pressure  was  increased  up  to  30,000  psi.  Assuming  a  contact  angle 
of  130  0  (6),  pore  diameters  ranging  from  200  to  0.006  pm  were  measured.  Figure  1 
shows  a  typical  pore  size  distribution.  From  mercury  intrusion  analysis,  the  total  pore  area 
1.82  m^/g  and  median  pore  diameter  33  pm  were  measured.  The  measured  porosity  was 
about  30  %,  which  is  smaller  than  the  observed  value,  about  50  %,  from  geometrically- 
based  density  measurements  This  could  indicate  that  some  closed  pores  are  present  in  the 
part. 


Diameter  (micron) 

Figure  1.  Pore  size  distribution  of  oral  implant 


Two  test  methods,  compression  and  4-point  bending,  were  used  to  quantify  the  strength  of 
the  specimens  by  a  MTS  Sintech  1/S  material  test  frame.  Typical  strengths  are  in  the 
range  2,000  psi  in  compression  and  2,200  psi  in  4-point  bending. 

Implant  preparation  and  animal  studies.  Preliminary  in  vivo  biocompatibility  studies 
were  carried  out  with  rabbits.  Tiny  rectangles,  0.12"  x  0.16"  x  0.05”,  were  prepared  by  a 
process  that  simulated  SLS  process  conditions.  Calcium  metaphosphate  was  mixed  with 
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the  same  polymeric  binder  used  previously  (1)  and  poured  into  the  cavity  of  the  mold 
without  compaction.  The  mold  was  heated  to  form  polymer-bound  "green"  parts.  The 
green  parts  were  then  fired  at  about  920°C  to  remove  the  binder  and  to  sinter  the  calcium 
phosphate.  One  of  the  prepared  calcium  phosphate  specimens  was  implanted  over  the 
frontal  lobe  of  the  skull  in  each  of  four  New  Zealand  White  Rabbits.  The  cortex  of  each 
skull  was  decorticated  to  cause  minor  hemorrhage  and  create  a  small  defect  in  which  the 
implant  could  rest.  At  twelve  weeks  the  animals  were  sacrificed.  Implants  and  bone 
were  retrieved  and  embedded  in  plastic,  sectioned  and  analyzed. 

More  elaborate  in  vivo  biocompatibility  studies  were  carried  out  in  dogs.  Anatomical 
measurements  of  the  original  geometry  of  the  dog  alveolar  ridges  were  taken  to  determine 
their  anatomy.  AutoCad  engineering  computer-aided  design  software  was  then  used  to 
design  the  oral  implants.  These  implants  were  rectangular  shaped  and  tapered  so  as  to 
decrease  their  buccal-lingual  width  apically,  see  Figure  2.  The  sides  and  bottom  of  these 
implants  had  large  hexagonal  macropores  of  about  2.4mm  that  penetrated  entirely  through 
the  device.  These  macropores  were  aligned  so  they  intersected  within  the  implants. 
Tooth  extraction  of  the  first  mandibular  molar  bilaterally  was  performed  in  six  dogs  and 
bone  was  cut  from  the  extraction  site  to  prepare  a  defect  in  the  alveolar  ridge.  The  first 
molar  was  extracted  bilaterally  from  the  mandible.  Primary  closure  was  achieved  and  the 
dogs  were  allowed  to  heal  for  eight  days.  After  the  8-day  healing  period,  the  extraction 
defect  in  the  alveolar  ridge  was  surgically  exposed.  Implants  were  placed  in  the  ridge  and 
primary  closure  was  achieved.  Dogs  were  put  on  soft  food  for  the  duration  of  the  study. 
Radiography  was  performed  to  obtain  data  giving  an  indication  of  the  implants 
osteoconductive  properties  and  its  biocompatibility.  Radiographs  were  taken  immediately 
post-operatively  and  at  four  weeks  into  the  study. 


Figure  2.  Designed  oral  implant 

Results  and  Discussion 

A  histologic  section  of  the  calcium  phosphate  implant  after  twelve  weeks  implantation  in 
rabbit’s  frontal  skull  is  shown  in  Figure  3.  The  implant  shows  a  high  degree  of 
biocompatibility  and  bone  ingrowth.  No  evidence  of  foreign  body  giant  cell  or 
macrophage  response  was  found  in  or  adjacent  to  the  specimen.  There  was  no  acute  or 
chronic  inflammation,  and  a  high  degree  of  bone  apposition  and  infiltration  is  observed. 
Mineralized  new  bone  is  present  throughout  a  significant  portion  of  the  implant  closest  to 
the  underlying  calvaria.  Osteoid,  or  a  collagen  matrix  with  bone  forming  potential,  fills 
the  majority  of  the  rest  of  the  implant.  It  is  suggested  from  this  histology  that,  in  time, 
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Figure  3.  Histologic  section  of  implants 
taken  overlying  the  rabbit  calvaria. 
(40x  original  magnification) 


Figure  4.  Histologic  section  of  implant 
taken  overlying  the  rabbit  calvaria 
(lOOx  original  magnification) 


A  scanning  electron  micrograph  of  surface  of  the  SLS  formed  oral  implant  is  shown  in 
Figure  5.  This  surface  is  imaged  at  150  times  of  the  original  magnification  and  100  (am 
measure  is  visible  in  the  lower  right  of  the  image.  In  Figure  6,  the  polished  surface  is 
shown  at  the  same  magnification.  It  is  clear  from  these  pictures  and  mercury  intrusion 
analysis,  that  some  of  the  pores  are  larger  than  100  pm  and  that  the  pores  are  open  and 
well  interconnected.  These  issues  are  critically  important  to  the  successful  development  of 
a  osteoconductive  bone  implant  material.  It  is  known  that  mineralized  bone  growth  into 
porous  implants  required  a  minimum  interconnected  pore  size  of  100pm,  and  the  pore  size 
showing  the  potential  for  the  ingrowth  of  osteoid  tissue,  was  found  to  lie  between  40  and 
100pm  (7). 


Figure  5.  Scanning  electron  micrograph  of  Figure  6.  Scanning  electron  micrograph  of  a 
the  surface  of  SLS-formed  implant.  polished  surface  of  SLS-formed  implant. 
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Figure  7  shows  the  periapical  radiograph  of  a  SLS-formed  alveolar  implant.  This  image 
was  taken  immediately  post-operative.  The  rectangular  form  of  the  implant  and  hexagonal 
form  of  the  macropores  are  visible  in  this  radiograph.  In  Figure  8,  a  radiograph  image 
taken  four  weeks  following  placement  of  the  implant  is  shown.  Crestal  resorption  and 
bone  infiltration  into  the  apical  macropores  and  apical  portion  of  the  crestal  macropore  are 
evident  from  the  film. 


Figure  7.  A  radiograph  of  a  SLS-  Figure  8.  A  radiograph  of  a  SLS- 

formed  alveolar  implant  with  micro-  formed  alveolar  implant  with  micro- 

and  macropores.  and  macropores. 


As  a  demonstration  of  this  bone  fabrication  technique,  a  human  anatomical  facsimile  was 
formed  from  CT  images  using  SLS.  This  inferior  view  of  the  maxilla  shows  some 
dentition  and  anterior  nerve  and  vascular  foremen  with  great  resolution. 


Figure  9:  Ca/P  human  maxilla  formed  from  CAT  images  using  SLS. 
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Conclusion 


Based  on  the  excellent  biocompatibility  of  material  and  the  great  extent  of  bony  tissue 
ingrowth  shown  in  the  rabbit  in  vivo  study,  the  calcium  phosphate  powder  system  for  the 
SLS  process  has  been  established.  As  a  starting  material  Ca/P  ratio  0.9  was  synthesized 
and  formed  by  SLS.  Oral  implants  in  alveolar  ridges  of  dogs  show  excellent  integration 
with  host  bone  after  only  four  weeks  of  implantation.  This  study  shows  that  a  porous, 
resorbable  calcium  phosphate  synthetic  bone  material  can  be  precisely  fabricated  with 
complex  geometry  and  successfully  used  in  vivo  for  filling  and  replacing  defective  bone. 
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Abstract 

Ever  since  the  Apollo  landings,  one  of  the  primary  barriers  to  more  ambitious  space  projects  has  been  the  exorbi¬ 
tant  cost  of  lifting  equipment  and  construction  components  off  of  the  Earth.  Fabricators  offer  an  intriguing  solution  by 
allowing  for  the  use  of  native  materials  on  the  Moon,  Mars,  or  other  destinations  in  the  production  of  tool  and 
building  parts.  This  paper  discusses 

•  The  kinds  of  objects  that  can  be  practically  made  in  this  fashion, 

•  Fabricator  processes  suitable  for  extraterrestrial  environments, 

•  Raw  materials  available,  and 

•  The  impact  of  this  use  of  technology  on  the  cost  of  space  projects. 


Introduction 

When  the  European  settlers  came  to  America,  they  brought  their  hammers,  axes,  saws,  and  barrels  of  nails.  With 
these  tools  and  materials  they  built  cabins,  bams,  and  forts.  They  did  not,  however,  bring  wood,  the  most  important 
construction  material  they  would  need,  because  they  knew  they  would  find  plenty  of  timber  at  their  new  home  site.  In 
fact,  in  many  cases  they  had  to  get  to  work  cutting  down  trees  not  only  to  provide  lumber  for  construction  but  also  to 
provide  clear  land  to  plant  crops. 

When  we  go  to  the  Moon,  Mars,  and  the  Asteroids,  we  know  we  will  not  find  any  trees  or  wood.  But  we  will  find 
plenty  of  other  construction  and  industrial  materials,  such  as  iron,  aluminum,  and  magnesium,  from  which  we  can 
build  shelters,  factories,  and  machinery.  The  presence  of  these  materials  could  save  us  the  expense  of  launching  steel 
beams  and  aluminum  habitat  shells,  except  for  one  major  problem.  What  will  stand  as  the  modem  analog  of  the 
settlers’  hammers,  axes,  and  saws?  What  tools  can  we  take  with  us  to  turn  celestial  rocks  and  dust  into  walls  and 
girders? 


Until  recently,  this  was  a  “Catch-22”  situation.  We  need  refineries  and  foundries  to  process  raw  ore  into  building 
materials.  But  refineries  and  foundries  are  large,  heavy  facilities  that  consume  voluminous  materials  in  their  own 
construction.  So  how  can  a  lunar  or  other  celestial  settlement  be  bootstrapped  out  of  the  indigenous  soil? 

The  answer  may  lie  in  additive  fabricators.  A  fabricator1  (or  fabber)  is  an  ultra-modem  machine  that  makes  things 
automatically .  Fabricators  use  raw  materials  and  computer  data  to  generate  three-dimensional,  solid  objects  you  can 
hold  in  your  hands,  submit  to  testing,  or  assemble  into  working  mechanisms.  They  are  being  used  by  manufacturers 
around  the  world  for  low-volume  production,  prototyping,  and  mold  mastering.  They  are  also  used  by  scientists  and 


1  For  more  background  on  fabricators,  see  Automated  Fabrication — Improving  Productivity  in  Manufacturing  by  Marshall  Bums,  Prentice  Hall, 
1993,  ISBN  0-13-1 19462-3. 
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surgeons  for  solid  imaging,  and  by  a  few  modem  artists  for  innovative  computerized  sculpture.  Manufacturers  report 
enormous  productivity  gains  from  using  fabricators. 

As  the  quality  and  speed  of  fabricator  output  steadily  improves,  we  are  gradually  moving  toward  a  time  when 
these  machines  will  be  able  to  participate  in  the  construction  of  large  structures  and  make  parts  to  be  incorporated 
into  working  machinery.  The  ability  of  several  processes  to  work  with  metals  may  allow  the  launch  of  one  or  a  small 
number  of  fabricators  to  spawn  the  construction  of  an  entire  colony. 

This  paper  investigates  several  of  the  issues  important  to  evaluating  the  opportunity  to  reduce  transportation  costs 
by  using  fabricators  for  on-site  generation  of  machine  parts  and  construction  components.  The  important  issues  are: 

•  Items  to  be  made.  What  can  we  expect  to  practically  make  in  space  using  the  kinds  of  fabricators  discussed 
here? 

•  Suitable  fab  processes.  What  fabrication  processes  are  suitable  for  operation  in  a  space  environment? 

•  Raw  materials.  What  materials  are  readily  available  in  space  for  fabricator  feedstock,  and  what  is  their  suit¬ 
ability  for  the  candidate  processes? 

•  Benefits.  How  will  the  ability  to  make  these  items  on-site  affect  the  cost  of  future  space  projects? 

The  investigation  of  these  issues  cannot  be  done  uniformly  for  all  off-Earth  locations.  Each  celestial  body  has 
differences  in  the  composition  of  its  surface  materials,  and  in  environmental  factors,  such  as  gravity,  temperature, 
radiation,  etc.  Furthermore,  space-based  fabricators  are  not  limited  to  operation  on  the  surface  of  a  celestial  body,  but 
could  also  include  orbiting  facilities.  The  cost  of  lifting  raw  materials  off  of  small  bodies  like  the  Moon  is  very  much 
smaller  than  for  Earth.  Thus,  in  cases  where  there  are  advantages  for  operating  a  fabrication  process  in  the  micro¬ 
gravity  available  in  orbit,  this  also  becomes  a  candidate  location. 


What  Shall  We  Make? 

There  are  some  definite  rules  about  when  a  project  is  appropriate  for  a  fabricator.  These  rules  do  not  apply  in  the 
same  way  off  the  face  of  the  Earth.  One  of  the  rules  is  that  you  don’t  use  a  fabricator  when  the  job  can  be  done  more 
economically  by  another  process,  such  as  casting  or  extrusion.  However,  this  rule  is  stated  in  a  context  that  assumes 
that  there  are  foundries,  extrusion  presses,  and  other  typical  manufacturing  equipment  within  shipping  distance.  None 
of  this  equipment  currently  exists  in  space,  and  transporting  it  would  be  very  expensive.  Therefore  we  may  find  it 
practical  to  use  fabricators,  at  least  in  the  initial  stages,  to  make  blocks,  bars,  beams,  rails,  and  other  simple  shapes 
that  one  would  not  consider  running  in  an  Earthbound  fabricator. 

With  a  fabricator,  the  opportunity  arises  to  make  changes  to  designs  that  would  otherwise  not  be  practical.  For 
example,  if  a  construction  project  calls  for  an  arrangement  of  posts  and  beams,  one  would  normally,  on  Earth,  order 
them  in  standard  shapes  and  lengths  and  then  cut  them  on-site  to  the  required  lengths  and  weld  them  into  the  needed 
configuration.  The  individual  sections  of  all  the  posts  and  beams  are  all  identical  because  it  is  more  economical  to 
order  them  that  way.  But  if  each  section  is  being  created  individually  in  a  fabricator,  this  allows  the  engineers  to 
apply  special  characteristics  to  individual  components.  For  example,  one  might  want  to  design  flanges  or  other 
connection  hardware  directly  into  specific  sections  of  individual  posts  and  beams.  With  well  designed  connection 
hardware  fabricated  as  integral  to  the  construction  elements,  one  may  be  able  to  design  buildings  as  “erector  sets” 
ready  for  assembly,  without  the  need  for  the  crew  to  perform  any  specialized  tasks,  such  as  welding  or  drilling  of  bolt 
holes. 

Another  novel  design  might  apply  in  making  bricks.  Two  problems  with  making  bricks  in  a  fabricator  on  Earth 
would  be  the  time  it  takes  to  solidify  their  large  bulk  and  the  cost  of  the  fabricator  raw  material.  But  again,  those 
problems  may  be  eliminated  by  the  differences  of  the  extraterrestrial  situation.  First,  the  raw  materials  for  the 
fabrication  processes  anticipated  may  be  essentially  free  and  abundant,  like  timber  was  to  the  American  settlers. 
Second,  it  may  not  be  necessary  to  solidify  the  entire  bulk  of  the  bricks.  Subject  to  the  engineering  requirements  of 
the  construction  project,  it  may  be  sufficient  to  solidify  only  an  exterior  shell  of  the  brick,  which  would  then  contain 
the  remaining  mass  of  unconsolidated  raw  material  inside.  Such  a  brick  would  provide  just  as  much  radiation 
shielding  as  a  fully  solid  brick,  yet  take  much  less  time  to  fabricate. 
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A  fabricator  provides  the  opportunity  to  transform  a  mundane  brick  into  a  functional  construction  element.  On 
Earth,  bricks  are  simple  rectangular  blocks  because  that  makes  them  easy  to  cast.  But,  like  the  posts  and  beams 
discussed  above,  bricks  in  a  fabricator  could  be  made  with  connection  hardware  that  could  reduce  or  eliminate  the 
need  for  mortar.  Moreover,  bricks  could  be  designed  with  internal  channels  or  external  mounting  brackets  for 
ductwork,  wiring,  lighting  elements,  hazard  detectors,  and  other  functional  subsystems. 

For  vehicles,  it  is  not  likely  that  we  would  use  fabricators  right  away  to  make  highly  complex  systems,  such  as 
engines  and  brakes.  However,  many  other  vehicle  parts  could  be  practically  made  on-site,  such  as  frame  members, 
body  panels,  axles,  and  wheels.  Also,  when  problems  occur  with  engine  and  brake  systems,  a  fabricator  could  be  used 
to  make  replacement  parts. 

In  an  unfamiliar  space  environment,  unanticipated  situations  will  arise  constantly  to  challenge  the  crew.  When 
constructing  an  outpost  from  Earth-supplied  components,  the  crew  would  have  to  meet  those  challenges  by  “making 
do”  with  whatever  is  at  hand.  But  with  a  fabricator,  the  crew  can  respond  to  challenges  by  inventing  and  fabricating 
new  tools  and  new  kinds  of  construction  elements  at  will.  The  inventive  designs  may  come  from  the  space  crew  itself, 
or  the  designs  may  be  conceived  by  the  support  crew  on  Earth  and  transmitted  to  the  outpost  for  local  fabrication 
there. 

Given  these  considerations,  one  might  expect  the  items  made  in  a  space-based  fabricator  to  include 

•  Construction  elements,  such  as  posts,  beams,  and  bricks,  individually  designed  for  mating  to  neighbors  and 
provision  of  appropriate  functionality. 

•  Conduits  for  plumbing,  air  management,  and  space  radiators. 

•  Fixtures  and  fittings,  such  as  brackets,  joints,  etc. 

•  Large  vehicle  elements,  such  as  frame  members  and  wheels,  as  well  as  replacement  parts  for  complex  vehi¬ 
cle  systems,  such  as  engines  and  brakes. 

•  Hand  tools,  such  as  mallets  and  wrenches,  as  well  as  parts  and  fittings  for  power  tools,  including  bases  for 
heavy  machinery. 

•  Structural  and  functional  elements  of  technology  projects,  such  as  solar  power  collectors,  telescopes, 
transmitters,  etc. 

An  immediate  concern  that  arises  in  considering  the  use  of  fabricators  to  make  such  items  is  the  quality  of  fabri¬ 
cation.  Today’s  fabricators  do  not  yet  match  the  physical  properties  available  from  more  mature  manufacturing 
processes,  such  as  investment  casting  and  bulk  sintering.  And  even  if  Earthbound  fabricators  do  become  developed  to 
the  point  of  competing  adequately  on  the  basis  of  material  properties,  space-based  fabricators  will  still  be  experimen¬ 
tal  devices  that  cannot  promise  matching  properties  because  they  will  be  working  with  foreign  materials  and  subject 
to  a  different  environment  in  terms  of  gravity,  atmosphere,  radiation,  etc.  However,  in  considering  this  issue,  one 
must  be  careful  not  to  apply  the  extraordinary  quality  standards  normally  used  in  space  projects  today.  One  must 
recall  that  the  primary  reason  for  these  lofty  standards  is  that  there  is  generally  no  opportunity  to  replace  components 
that  malfunction  in  space.  This  fundamental  assumption  is  negated  by  the  introduction  of  fabricators  to  the  supply 
system.  Thus,  while  one  does  not  want  to  take  any  chances  with  the  safety  of  building  construction  or  hand-held  tools, 
in  general  it  will  be  acceptable  to  apply  ordinary,  Earth-like  quality  standards  to  items  made  in  space-based 
fabricators. 


Suitability  of  Processes  for  Space-Based  Fabrication 

Fabricators  today  are  categorized  as  either  subtractive  or  additive,  depending  on  whether  they  work  by  carving 
away  material  from  a  solid  block  (CNC  machining)  or  by  building  up  the  desired  object  from  an  amorphous  material. 
Since  subtractive  fabricators  require  billets  or  other  bulk  stock  as  raw  material,  they  are  not  considered  here,  and  we 
focus  on  strictly  additive  processes. 

There  are  three  basic  categories  of  additive  fabrication  technologies:  aimed  deposition,  selective  sintering,  and 
selective  curing.  These  are  briefly  described  in  the  following  subsections,  along  with  comments  on  their  use  in  space. 


Selective  sintering 


In  selective  sintering,  a  powder  is  caused  to  melt  in  specific  locations,  and  the  melted  powder  then  fuses  into  a 
contiguous  solid,  which  builds  up  the  shape  of  the  desired  object.  Although  most  fully  developed  for  use  with 
thermoplastics,  there  has  been  successful  study  of  its  application  to  metal  and  ceramic  powders.  There  are  three 
approaches  to  achieving  sintering  of  a  metallic  or  ceramic  feedstock: 

•  Using  a  very  high-energy  beam  to  achieve  sufficient  heating  to  directly  melt  a  standard,  high-melting-point 

metal  or  ceramic.2 

•  Using  a  beam  of  moderate  energy  with  a  low-melting-point  alloy  or  a  mixture  that  includes  a  low-melting- 
point  component.3 

•  Using  a  metal  or  ceramic  powder  either  with  a  polymer  coating  or  with  a  polymer  component  mixed  into  the 
powder.  The  selective  sintering  process  then  actually  operates  on  the  polymer  coating  or  component  in  order 
to  form  a  “green  body”  which  is  later  subjected  to  bulk  heating  to  bum  out  the  polymer  and  cause  direct 
fusing  of  the  metal.4 

On  Earth,  the  energy  beam  is  generally  supplied  by  a  laser,  although  electron  beams  have  also  been  proposed.  In 
space,  an  excellent  source  of  thermal  energy  is  likely  to  be  concentrated  sunlight. 

Selective  sintering  is  a  promising  technique  for  near-term  testing  of  space  applications.  This  is  because  some 
success  has  been  demonstrated  in  applications  to  metals  already,  and  because  raw  metal  and  ceramic  powders  are 
available  on  the  Moon  (see  Raw  Material  below).  Any  of  the  three  approaches  listed  above  may  be  used.  For 
polymer-coated  powders,  the  polymer  would  need  to  be  supplied  from  Earth,  but  the  mass  of  polymer  consumed 
would  be  small  compared  to  the  mass  of  metal  fabricated,  so  the  goal  of  reduced  transportation  costs  would  be 
accomplished. 


Aimed  deposition 

In  aimed  deposition,  a  stream  of  material  is  aimed  at  specific  locations  on  the  growing  object  to  build  it  up.  The 
material  may  be  deposited  in  the  form  of  droplets  or  in  a  continuous  bead.  A  number  of  projects  have  studied 
application  of  this  technique  to  metals.5  It  may  be  suitable  for  use  in  space,  using  feedstocks  melted  in  a  solar-heated 
crucible.  This  is  a  promising  technique,  which  could  emerge  as  the  method  of  choice  for  fabricating  in  metals. 
However,  the  application  of  the  technology  to  metals  is  quite  immature.  Many  issues  need  to  be  resolved  in 
Earthbound  development  before  it  is  practical  to  test  this  technique  for  space  applications. 

Another  idea  which  would  fall  into  this  category  is  Pegna’s  technique  for  fabricating  in  concrete.6  Pegna  selec¬ 
tively  deposits  Portland  cement  on  successive  layers  of  sand  and  initiates  a  bonding  reaction  in  each  layer  by  wetting 
with  steam.  A  more  efficient  use  of  water  would  have  to  be  developed  for  this  be  practical  for  use  in  space. 


2  An  example  of  the  use  of  a  high-energy  beam,  although  not  with  a  powder  feedstock,  is  in  Electron  beam  solid  freeform  fabrication  of  metal 
parts  by  V.  R.  Dav6,  J.  E.  Matz,  and  T.  W.  Eagar  in  Solid  Freeform  Fabrication  Proceedings ,  University  of  Texas,  September  1995,  page 

.  64. .71. 

3  Accuracy  and  mechanical  behavior  of  metal  parts  produced  by  lasersintering  by  T.  Pintat,  M.  GreuI,  M.  Greulich,  and  C.  Wilkening  in  Solid 
Freeform  Fabrication  Proceedings,  University  of  Texas,  September  1995,  page  72.  .9. 

4  Selective  Laser  Sintering  and  Fused  Deposition  Modeling  processes  for  functional  ceramic  parts  by  E.  Alair  Griffin  and  Scott  McMillin  in 
Solid  Freeform  Fabrication  Proceedings ,  University  of  Texas,  September  1995,  page  25.. 30. 

Effect  of  processing  parameters  in  SLS  of  metal-polymer  powers  by  B.  Badrinarayan  and  J.  W.  Barlow  in  Solid  Freeform  Fabrication 
Proceedings ,  University  of  Texas,  September  1995,  page  55. .63. 

Free  form  fabrication  of  high  strength  metal  components  and  dies  by  C.  C.  Bampton  and  R.  Burkett  in  Solid  Freeform  Fabrication 
Proceedings ,  University  of  Texas,  September  1995,  page  342.  .5. 

Effect  of  particle  size  on  SLS  and  post-processing  of  alumina  with  polymer  binders  by  P.  Kamatchi  Subramanian,  J.  W.  Barlow,  and  H.  L. 
Marcus  in  Solid  Freeform  Fabrication  Proceedings ,  University  of  Texas,  September  1995,  page  346.. 52. 

5  Thermal  design  parameters  critical  to  the  development  of  solid  freeform  fabrication  of  structural  materials  with  controlled  nano-liter 
droplets  by  Melissa  Orme  and  Changzheng  Huang  in  Solid  Freeform  Fabrication  Proceedings ;  September  1995,  p  88.. 95. 

"Incremental  fabrication  "  builds  directly  in  metal  by  Marshall  Bums  in  Rapid  Prototyping  Report ,  January  1992. 

6  Application  of  cementitious  bulk  materials  to  site  processed  solid  freeform  construction  by  Joseph  Pegna  in  Solid  Freeform  Fabrication 
Proceedings ,  University  of  Texas,  September  1995,  page  39.. 45. 
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Formulations  and  applications  of  lunar  concrete  have  been  extensively  studied  by  William  Agosto  and  colleagues  at 
NASA.7 


Selective  curing 

In  selective  curing,  a  liquid  resin  is  caused  to  cure  (harden)  in  specific  locations  to  grow  the  desired  object.  The 
Earth-based  version  of  this,  using  organic  photopolymers,  is  not  practical  for  space  applications  because  of  the 
absence  of  organic  base  materials.  However,  the  abundance  of  silicon  on  the  Moon  may  offer  the  basis  of  a  whole 
new  industry  in  silicon-based  polymers.  Today’s  silicones  are  polymers  with  an  alternating  silicon-oxygen  backbone. 
They  can  be  made  into  photopolymers,  but  currently  this  is  done  by  hanging  organic  functional  groups  on  the 
inorganic  backbone.  It  is  possible  that  we  will  see  fully  inorganic  photopolymers  in  the  future,  or  polymer  resins  that 
are  subject  to  another  form  of  selective  curing,  such  as  thermal  or  voltaic.  If  such  materials  do  become  available,  it 
will  be  interesting  to  consider  their  use  in  fabricators  on  the  Moon  or  other  silicon-rich  environments. 


Process  Schematics 

Fig.  1  illustrates  a  selection  of  possible  schemes  for  space-based  fabricators.  The  techniques  illustrated  fall  into 
the  categories  of  sintering  (a  and  d)  and  droplet  deposition  (b  and  c).  All  of  these  particular  techniques  use  heating  as 
part  of  the  process,  which  in  the  illustrations  is  supplied  by  an  integrated  solar  collector.  The  advantages  of  this 
source  of  heating,  as  well  as  an  alternative,  are  discussed  below. 

The  system  in  Fig.  1(a)  is  essentially  equivalent  to  the  sintering  fabricators  made  by  DTM  (Austin,  Texas)  and 
EOS  (Munich,  Germany),  except  that  the  process  heat  is  supplied  by  focused  sunlight  instead  of  by  a  laser  beam. 
Such  a  device  works  as  follows.  A  platform  is  provided  on  which  to  build  the  desired  object.  Successive  layers  of  raw 
powder  are  deposited  from  a  hopper  on  top  of  each  other,  with  the  entire  cake  of  powder  layers  resting  on  the 
platform.  The  platform  is  mechanized  for  vertical  motion,  and  is  lowered  by  the  thickness  of  one  layer  each  time  a 
new  layer  of  powder  is  deposited.  In  this  way,  the  top  surface  of  the  powder  cake  is  maintained  at  a  constant  level. 
The  platform  and  powder  cake  are  enclosed  in  a  chamber  which  is  maintained  at  an  elevated  temperature  at  which  the 
powder  is  not  hot  enough  to  fuse,  but  does  not  need  a  great  deal  of  additional  heat  to  bring  it  up  to  a  temperature  at 
which  it  will  fuse.  Each  time  a  new  layer  of  powder  is  deposited,  a  beam  of  concentrated  sunlight  from  a  solar 
collector  is  scanned  across  it  to  raise  selected  regions  of  the  layer  to  the  fusing  temperature.  Where  the  solar  beam 
strikes,  the  grains  of  powder  melt  momentarily  and  fuse  to  each  other  and  to  the  underlying  layer.  The  beam  is 
controlled  by  data  from  a  CAD  design  of  the  object  to  be  built;  the  regions  of  powder  which  are  scanned  in  each  layer 
of  powder  make  up  one  cross  section  of  the  desired  object.  After  each  cross  section  is  formed  in  this  way,  the 
platform  is  lowered,  another  layer  of  raw  powder  is  deposited,  and  the  process  is  repeated  until  the  complete  object  is 
formed. 

Fig.  1(b)  and  (c)  show  two  methods  of  aimed  deposition.  The  technique  in  Fig.  1(c)  deposits  molten  droplets  of 
material,  very  much  like  the  fabricators  made  by  BPM,  Sanders,  and  3D  Systems  today.  Fig.  1(b)  shows  an 
alternative  technique  which  is  being  studied  with  lasers  at  national  research  laboratories  in  both  Germany  and  the 
United  States.8  Here,  instead  of  melting  the  material  in  a  crucible,  a  stream  of  powder  is  aimed  at  the  correct  locations 
and  the  failing  powder  is  melted  in  mid-stream.  This  process  may  offer  significant  advantages  in  the  fabricated 
material  properties  at  the  cost  of  the  increased  mechanical  complexity  needed  to  synchronize  the  scanning  of  the  light 
beam  and  the  powder  deposition  stream. 

Fig.  1(d)  shows  a  variation  on  the  sintering  process  suggested  to  us  by  Kenneth  J.  Hayworth  of  Ennex  Fabrication 
Technologies.  In  today’s  commercial  fabricators,  the  fabrication  chamber  is  bound  by  walls  that  limit  the  size  of 


7  Lunar  cements/concretes  for  orbital  structures  by  William  N.  Agosto,  John  H.  Wickman,  and  Eric  James  in  Engineering,  Construction,  and 
Operations  in  Space  IV  (Proceedings  of  Space  ’94,  Albuquerque,  February  26  ..  March  3,  1994),  American  Society  of  Civil  Engineers,  New 
York,  1994,  page  157. .68. 

8  Approaches  to  prototyping  of  metallic  parts  by  W.  Ktinig,  T.  Celiker,  and  H.-J.  Herfiirth  in  Proceedings  of  the  2nd  European  Conference  on 
Rapid  Prototyping  and  Manufacturing ,  University  of  Nottingham,  July  1993,  page  303..  16. 
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Sunlight’ 


Solar  collector 


Fig.  1.  Schematics  of  four  heat-based  fabricator  systems  using  focused  sunlight  as  the  source  of  process  heat.  Those 
shown  are  adapted  from  processes  currently  used  on  Earth,  (a)  selective  sintering  of  powder  deposited  on  a  descending  bed, 
(b)  melting  in  place  of  an  aimed  powder  stream,  (c)  deposition  of  molten  droplets,  and  (d)  selective  sintering  with  an 
uncontained  powder  bed.  See  the  text  for  a  more  detailed  description  of  each  system. 

Note  a  conspicuous  difference  among  the  techniques  is  in  the  residual  material  in  unprocessed  regions.  Sintering  leaves 
loose  powder  in  cavities  not  scanned  by  the  heating  beam,  as  seen  in  (a)  and  (d).  Droplet  deposition,  as  in  (c),  is  able  to 
leave  hollow  cavities,  although  the  formation  of  horizontal  ceilings  as  in  this  illustration  may  be  problematic.  Melting  of  a 
deposited  powder  stream,  as  in  (b),  is  the  most  flexible,  able  to  fill  void  regions  with  loose  material  from  the  hopper  or 
leave  them  partially  or  completely  empty. 


objects  that  can  be  built.  The  purpose  of  the  chamber  is  not  only  to  contain  the  loose  powder,  but  also  to  provide  an 
inert,  unperturbed  environment.  On  the  Moon,  where  there  is  essentially  no  atmosphere,  an  inert,  unperturbed 
environment  is  available  without  an  enclosed  chamber.  With  containment  of  the  loose  powder  by  a  built-up 
embankment,  it  may  not  be  necessary  to  work  in  a  chamber  at  all.  This  would  simplify  and  reduce  the  mass  of  the 
equipment  needed  for  a  lunar  sinterer  by  eliminating  the  walls  of  the  chamber  as  well  as  the  elevator  device  needed  to 
move  the  build  platform  within  these  walls. 


Solar  heating 

All  of  the  processes  illustrated  in  Fig.  1  use  heating  as  part  of  the  fabrication  process,  and  show  this  heat  provided 
by  a  solar  collector  integrated  into  the  fabricator.  The  use  of  a  solar  collector  has  several  advantages  over  a  laser. 


First,  a  solar  collector  has  a  much  longer  life  than  a  laser,  and  does  not  need  to  be  recharged  or  replaced  on  a  regular 
basis  as  a  laser  does.  Second,  although  a  modest  amount  of  electricity  would  be  needed  to  power  the  controls  of  the 
solar  collector,  thermal  power  is  provided  freely  by  sunlight,  whereas  a  laser  requires  electricity  for  thermal  power  as 
well  as  for  controls. 

Taking  up  these  advantages,  NASA  has  already  been  studying  the  provision  of  a  solar-collector  utility  for  use  by 
various  materials  processing  experiments  on  the  Moon.9  This  communal  solar  collector  would  use  optical  waveguides 
to  provide  concentrated  sunlight  to  the  equipment  needing  it.  Thus,  the  first  lunar  sinterer  might  not  need  to  include 
its  own  solar  collector,  but  may  be  able  to  plug  into  a  waveguide  from  the  communal  system  instead. 

One  important  advantage  of  providing  the  concentrated  sunlight  through  an  optical  waveguide  is  that  it  allows  the 
main  part  of  the  fabricator  to  be  physically  separated  from  the  solar  collector.  Even  if  the  fabricator  uses  its  own, 
dedicated  solar  collector,  this  would  allow  the  collector  to  be  located  in  a  place  of  constant  sunlight  while  the  main 
part  of  the  fabricator  is  located  in  constant  shade,  where  thermal  regulation  would  be  easier  to  provide  by  space 
radiation.  An  example  of  a  pair  of  such  locations  would  be  in  the  vicinity  of  the  crater  near  the  lunar  South  Pole 
studied  recently  by  the  Clementine  probe.  There  are  highlands  at  the  rim  of  this  crater  which  are  constantly  bathed  in 
sunlight  throughout  the  month-long  lunar  “day,”  while  other  regions  inside  the  crater  are  continuously  shadowed.  An 
optical  waveguide  a  few  kilometers  long  could  connect  a  solar  connector  at  the  rim  with  a  fabricator  below  for 
potentially  non-stop  operation. 


Raw  Material 

The  raw  material  available  for  local  supply  to  a  fabricator  depends  on  the  particular  celestial  body  on  which  it  is 
located,  as  well  as  the  specific  region  of  that  body  at  which  it  is  placed.  For  simplicity,  we  will  limit  most  of  the 
following  discussion  here  to  the  body  which  is  the  most  studied,  our  Moon.  Mars  appears  to  be  largely  similar  to  the 
Moon  in  composition,  but  with  some  important  differences.  The  asteroids,  on  the  other  hand,  offer  a  variety  of 
compositions,  including  some  with  carbon-based  compounds.  The  availability  of  carbon  will  be  very  important  when 
more  is  know  about  it  and  the  means  are  available  to  travel  to  it. 

The  lunar  surface10  is  composed  largely  of  minerals  and  glasses,  mostly  oxides  of  silicon,  aluminum,  iron,  cal¬ 
cium,  magnesium,  and  titanium.  Eons  of  meteorite  impact  have  pulverized  a  great  deal  of  this  material  into  a  fine 
powder  with  grains  mostly  in  the  range  of  ten  to  100  microns.  Three  of  the  schemes  suggested  in  Fig.  1  require 
powdered  feedstock  (a,  b,  and  d),  and  these  processes  will  naturally  benefit  from  this  abundant,  naturally  available 
powder. 

One  of  the  important  challenges  in  working  with  this  lunar  soil  is  separation  of  the  constituent  materials  into 
usable  fabricator  feedstock.  There  is  some  debate  over  the  use  of  magnetic  separation  of  iron  particles  from  the  soil. 
While  some  experts  contend  this  should  be  feasible,  others  point  out  that  such  a  process  will  result  in  a  greater 
concentration  of  ferrous  agglutinates  (shock-melted,  fused  soil  particles). 

Another  intriguing  potential  source  of  metallic  iron  is  the  reduction  of  mineral  oxides.11  This  process  has  been 
extensively  studied  as  a  method  of  generating  free  oxygen,  a  commodity  of  obviously  great  value.  NASA’s  prime 
candidate  for  oxygen  extraction  is  pyroclastic  glass  (volcanic  ash  from  early  lunar  eruptions).  Tests  of  this  lunar 
material  have  yielded  the  greatest  free  oxygen  with  byproducts  of  silicates  and  iron  metal.  Unfortunately  the  solid 


9  Optical  waveguide  solar  energy  system  for  lunar  material  processing  by  Takashi  Nakamura,  Constance  L.  Senior,  James  M.  Shoji,  and  Robert 
D.  Waldron  in  Engineering ,  Construction,  and  Operations  in  Space  IV  (Proceedings  of  Space  ’94,  Albuquerque,  February  26  ..  March  3, 
1994),  American  Society  of  Civil  Engineers,  New  York,  1994,  page  1266.  .77. 

10  Mineralogical  and  chemical  properties  of  the  lunar  regolith  by  David  S.  McKay  and  Douglas  W.  Ming  in  Lunar  base  agriculture:  Soils  for 
plant  growth ,  ASA-CSSA-SSSA,  Madison,  Wl,  1989,  page  45.. 68. 

11  Lunar  oxygen  production— A  maturing  technology  by  Carlton  C.  Allen,  Gary  G.  Bond,  and  David  S.  McKay  in  Engineering,  Construction, 
and  Operations  in  Space  IV  (Proceedings  of  Space  ’94,  Albuquerque,  February  26  ..  March  3,  1994),  American  Society  of  Civil  Engineers, 
New  York,  1994,  page  1157. .66. 
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byproducts  are  intimately  mixed  and  it  is  a  subject  of  debate  whether  the  iron  component  may  be  economically 
separated  in  a  useful  form. 

If  obtaining  reasonably  pure  metallic  feedstock  remains  difficult,  useful  properties  may  still  be  obtained  from 
fabrication  processes  performed  directly  on  pyroclastic  glass  or  other  raw  mineral  stock.  A  glassy  material  may  offer 
a  reasonable  softening  temperature  to  allow  for  sintering,  and  with  enough  bulk  to  overcome  brittleness  may  be  a 
suitable  material  for  containers  and  low-impact  tools  and  construction  elements. 


Benefits 

It  is  difficult  to  estimate  the  cost  of  transporting  goods  from  Earth  to  another  celestial  body  when  there  is  no 
working  transportation  system  available  for  the  job.  Estimates  for  the  Moon  range  from  $7,000  to  $30,000  per 
kilogram  and  even  possibly  much  higher,  depending  on  whose  scenario  one  has  faith  in.  At  these  costs,  the  ability  of 
fabricators  to  eliminate  the  transportation  of  a  great  deal  of  necessary  equipment  and  construction  elements  will  be  a 
tremendous  boon  to  any  extensive  space  mission. 

Perhaps  more  important  than  a  quantitative  dollar  savings  is  the  fact  that  one  or  more  on-site  fabricators  would 
allow  crew  members  to  respond  to  emergencies  and  devise  situational  inventions  which  could  make  the  difference 
between  failed  and  successful  missions.  Also,  if  the  fabricators  were  placed  in  advance  and  operated  remotely  for  a 
period  of  time,  the  crew  could  arrive  at  a  site  which  is  already  supplied  with  the  tools  and  components  needed  to  get 
to  work  on  the  objectives  of  the  mission. 


Next  Steps 

The  way  to  begin  evaluating  whether  space  fabricators  are  workable  is  to  test  the  concept  with  physical  experi¬ 
ments.  These  experiments  should  be  performed  by  robotic  operation  on  the  lunar  surface  after  first  confirming  their 
feasibility  in  Earthbound  tests.  NASA  has  identified  several  terrestrial  materials  that  simulate  the  properties  of 
various  lunar  soils.  One  good  simulant,  called  JSC-1,  is  available  in  large  quantities,  has  the  grain  size  distribution  of 
actual  lunar  soils,  and  yields  metallic  iron  as  a  byproduct  of  oxygen  extraction.12  We  recommend  that  NASA  engage 
in  a  program  to  design  a  lunar-surface  apparatus,  which  would  be  built  and  first  operated  on  Earth  using  JSC-1  or 
another  lunar  simulant.  This  would  provide  a  low-risk  way  to  prove  out  the  concept  and  advance  it  in  stages  to  actual 
implementation  in  future  space  missions.  Coordinating  these  experiments  with  others  on  oxygen  production  and 
optical  waveguides  (as  well  as  possibly  solar  wind  gas  extraction)  may  providing  opportunities  for  sharing  resources 
and  lowering  cost  and  launch  mass. 


Conclusion 

As  a  commercial  technology,  additive  fabricators  are  less  than  a  decade  old  on  Earth.  The  various  methods  are 
undergoing  very  rapid  refinement  and  improvement.  These  methods  present  new  possibilities  for  building  up  objects 
from  celestially  available  materials.  This  new  capability  will  allow  explorers  to  venture  forth  with  fabricators  to  build 
their  homesteads  and  their  industrial  facilities.  It  has  long  been  recognized  that  machines  with  such  capability  would 
be  necessary  to  really  make  space  settlement  feasible,  just  as  the  European  settlers  needed  their  saws  and  hammers  to 
begin  building  a  home  in  America  from  native  timber.  It  may  be  that  fabricators  will  be  the  breakthrough  that  finally 
cracks  the  barrier  to  space  habitation. 


12  JSC-1:  A  new  lunar  soil  simulant  by  David  S.  McKay,  James,  L.  Carter,  Walter  W.  Boles,  Carlton  C.  Allen,  and  Judith  H.  Allton  in 
Engineering,  Construction,  and  Operations  in  Space  IV  (Proceedings  of  Space  ’94,  Albuquerque,  February  26  ..  March  3,  1994),  American 
Society  of  Civil  Engineers,  New  York,  1994,  page  857. .66. 
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Abstract 

Shape  Deposition  Manufacturing  (SDM)  is  a  solid  freefrom  fabrication  methodology  which 
can  fabricate  heterogeneous  structures,  i.e.,  multi-material  structures  with  embedded  components. 
One  application  is  to  build-up  electromechanical  devices  such  as  conformally  shaped  computer 
packages  with  embedded  electronics.  The  goal  is  to  be  able  to  quickly  design  and  manufacture,  in 
small  lots,  personalized,  rugged  units  for  specialized  applications.  One  example,  which  is 
described  in  this  paper,  is  the  manufacture  of  an  underwater  computer,  the  ‘Frogman’,  which  is 
built-up  in  layers  of  polyurethane. 

Background 

Current  solid  freeform  fabrication  (SFF)  methodologies  create  3D  shapes  by  building  up 
layers  of  material  using  material  additive  processes.  One  advantage  of  SFF  is  the  capability  to 
rapidly  fabricate  arbitrarily  complex  shapes.  SFF  processes  which  use  selective  material 
deposition  techniques  have  additional  advantages.  They  can  be  used  to  build  up  heterogeneous 
structures,  i.e.,  multi-material  shapes  with  embedded  structures [1,2,3].  The  capability  to  fabricate 
heterogeneous  structures  is  important  because  this  capability  enables  novel  designs  which  would 
not  be  practical  to  build  with  conventional  manufacturing  processes [4].  One  class  of 
heterogeneous  structures  is  embedded  electronic  devices  which  are  fabricated  by  building  up 
nonconductive  housing  packages  and  simultaneously  embedding  and  interconnecting  electronic 
components  within  the  housing.  With  this  approach  it  is  feasible  to  rapidly  and  economically 
fabricate  compact,  rugged,  customized  computer  modules  in  small  lot  sizes.  The  military  is 
particularly  interested  in  the  capability  to  manufacture  mission-specific,  conformal  shaped  ‘smart’ 
devices  such  as  wearable  computers  tailored  for  an  individual  soldier  or  a  small  military  unit. 
These  computers  might  store  maps,  equipment  descriptions,  help  to  log  data,  or  provide 
communication  links.  This  paper  describes  the  use  of  Shape  Deposition  Manufacturing  (SDM),  an 
SFF  process  which  can  build  heterogeneous  structures  to  fabricate  a  water-proof,  wearable 
embedded  computer  called  the  ‘Frogman.’  SDM  is  reviewed  in  the  next  section. 

Shape  Deposition  Manufacturing  (SDM) 

SDM  integrates  material  addition  processes  with  material  removal  processes  (Figure  1). 
Individual  layer  segments  are  deposited  as  near-net  shapes,  then  accurately  machined  to  net-shape, 
with  a  CNC  mill,  before  additional  material  is  deposited[5].  Each  layer  is  composed  of  primary 
material(s)  and  complementary  shaped  sacrificial  supporting  material  which  is  removed  when  the 
part  is  completed.  At  selected  layers,  prefabricated  components  can  be  placed  on  the  current  upper 
surface  before  subsequent  deposition  takes  place,  thus  permanently  embedding  the  component. 

Several  alternative  material  deposition  processes  are  available  for  SDM.  Embedded 
electronic  devices  are  built  up  with  polyurethane,  to  form  the  housings,  and  sacrificial  wax  which 
is  removed  by  melting.  Polyurethanes  are  deposited  as  2-part  resin/activator  mixtures,  while  the 
wax  is  deposited  with  a  hot-glue  gun.  In  the  Carnegie  Mellon  and  Stanford  SDM  testbeds,  the 
parts  are  built  on  pallets  which  are  transferred  from  station-to-station  using  robotic  automation. 
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CNC  machining 


Figure  1.  Shape  Deposition  Manufacturing 

The  basic  SDM  strategy  is  to  slice  the  CAD  model  of  the  part  into  layers  while  maintaining 
the  corresponding  3D  geometry  of  the  outer  surfaces.  The  layer  thicknesses  vary  depending  on  the 
local  part  geometry.  Each  layer  is  further  decomposed  into  layer  segments,  or  ‘compacts’,  such 
that:  undercut  features  need  not  be  machined,  but  formed  by  previously  shaped  compacts,  and  each 
compact  is  composed  of  a  single  material.  For  example,  Figure  2  shows  the  sequence  for 
depositing  and  shaping  the  compacts  and  for  embedding  a  component  in  a  layer  of  a  heterogeneous 
structure. 


Figure  2,  Deposition  and  shaping  sequence. 


Wearable  Computers  Built  With  SDM 

Several  generations  of  wearable  computers,  such  as  the  ‘VuMan’  series[6],  have  been 
designed  and  built  at  Carnegie  Mellon  using  conventional  packaging  methods.  Recently,  the  use  of 
SDM  been  investigated  as  an  alternative  method  to  manufacture  these  devices.  For  example,  the 
shape  deposited  VuMan  shown  in  Figure  3a  is  a  computer  which  can  store  maps  for  navigational 
aids,  or  detailed  assembly  drawings  for  service  and  maintenance  applications.  The  graphical 
information  is  displayed  on  a  commercially  available  heads-up  display  (Reflection  Technology, 
Inc.,  ‘Private  Eye’)  as  shown  in  Figure  3b.  The  graphical  information  is  stored  on  PCMCIA 
cards. 


After  completion  of  the  VuMan-SDM,  there  was  a  request  to  repackage  it,  using  the  same 
set  of  PCBs,  so  that  it  would  be  waterproof  to  a  depth  of  at  least  1 00  feet.  Several  modifications 
had  to  be  made,  including  using  a  different  polyurethane  formulation,  incorporating  waterproof 
switches,  connectors  and  access  covers,  as  well  as  using  fewer  batteries.  A  conformal  shaped  rear 
surface  was  also  required  so  that  the  unit  could  be  comfortably  strapped  to  a  diver’s  leg.  A 
commercially  available  waterproof  heads-up  display  would  be  interfaced  to  the  unit.  This 
waterproof  Vuman,  called  the  ‘Frogman’,  is  shown  in  Figure  3c.  The  important  points  are  that  re¬ 
tooling  was  not  required  to  manufacture  the  Frogman  and  that  embedding  facilitates  waterproofing. 
The  construction  of  Frogman  is  described  in  the  next  section. 


c.  Frogman  d.  CAD  rendering  of  Frogman 

Figure  3.  Wearable  computers  built  with  SDM. 
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Construction  of  Frogman 

A  cut-away,  CAD  rendering  of  Frogman  is  shown  in  Figure  3d.  The  unit  is  a  four  layer 
polyurethane  structure.  The  polyurethane  (Adtech  Plastic  Systems  Corp.,  LUC-4180)  is  a  two-part 
mixture  which  was  deposited  manually  for  this  experiment.  Each  layer  takes  approximately  12 
hours  to  gel  before  it  is  hard  enough  to  be  machined.  The  cured  material  has  a  tensile  strength  of  8 
Kpsi  with  15%  elongation.  A  sacrificial  wax  support  material  (Kindt-Collins  Company,  MASTER 
Protowax)  is  deposited  with  a  hot-glue  gun.  The  Frogman  contains  two  layers  of  printed  circuit 
boards  (PCBs);  the  first  PCB  is  located  on  top  of  the  first  polyurethane  layer,  and  the  second  PCB 
is  located  on  top  of  the  second  PU  layer.  The  two  PCBs  are  electrically  interconnected  with  vias 
made  using  pin  receptacles  (Mill-Max  Mfg.  Corp.,  pin  recaptacle  #0136)  which  are  more 
commonly  used  to  make  conventional  IC  sockets.  The  steps  for  making  an  embedded  interconnect 
are  depicted  in  Figure  4.  While  the  Frogman  has  only  two  layers  of  PCBs,  the  interconnect  system 
is  designed  so  that  each  via  can  be  extended  upward  to  an  arbitrary  number  of  layers. 

In  addition  to  embedding  PCBs  and  vias,  several  other  waterproof  devices  must  be  formed 
within  the  growing  shape,  including  indicating  lights,  switches,  accessible  battery  and  PCMCIA 
card  compartments,  and  an  external  connector.  To  form  an  indicating  light  (e.g.,  power  off/on 
indicator),  a  translucent  lucite  pipe  is  first  glued  to  the  lens  of  a  surface  mounted  LED  (Figure  5a). 
The  LED  and  pipe  are  then  embedded  in  the  next  layer  of  polyurethane.  Then  both  the  plastic  pipe 
and  the  polyurethane  are  machined  to  form  a  sealed,  blended  surface  (Figure  5b).  Switches  are 
formed  using  magnetic  reed  switches  (Figure  6a).  After  a  reed  switch  is  embedded  in  a  layer  of 
polyurethane,  a  receptacle  is  cut-out  over  it  and  a  prefabricated,  spring-loaded  magnetic  button  is 
glued  into  the  receptacle  (figure  6b).  In  operation,  the  force  required  to  activate  the  switch 
assembly  is  independent  of  the  water  depth  since  water  will  flow  around  the  spring. 

In  order  to  connect  to  a  heads-up  display,  a  commercially  available,  vulcanized  underwater 
female  connector  (Underwater  Systems,  Inc.,  Micro_Mini  Square  #MM8S)  is  used.  Since 
polyuretane  will  not  bond  to  rubber,  a  polyurethane  clamp  with  an  internal  O-ring  is  first  bonded 
around  the  cable  connection  from  the  connector  to  the  PCB  (Figure  7a).  Tape  is  also  placed  on  the 
connector  face  to  protect  it  from  subsequent  deposition.  The  connector  is  then  placed  on  a 
polyurethane  layer  and  embedded  in  the  next  layer  (Figure  7b).  In  operation,  water,  which 
penetrates  between  the  rubber/polyurethane  interface,  is  stopped  at  the  embedded  clamp. 

The  PCMCIA  card  is  housed  in  a  compartment  which  is  sealed  with  a  removable,  gasketed 
cover.  The  compartment  is  formed  by  first  cutting  out  a  section  into  a  layer  of  polyurethane  for  the 
PCMCIA  receptacle  as  depicted  in  Figure  8a.  Then,  a  prefabricated  teflon  cover,  with  attached 
metal  anchors  for  the  cover  screws,  is  placed  in  guides  cut  into  the  compartment  opening.  The 
PCMCIA  receptacle  (which  is  affixed  to  the  bottom  of  a  PCB)  is  then  placed  into  the  compartment 
as  depicted  in  Figure  8b.  The  next  layer  of  polyurethane  is  deposited  over  that  to  form  the  entire 
compartment  (Figure  8c).  The  teflon  cover  can  be  removed  to  access  the  PCMCIA  receptacle, 
since  the  polyurethane  does  not  stick  to  teflon  (Figure  8d). 

The  battery  compartment  is  formed  with  the  aid  of  a  teflon  coated,  aluminum  mandrel 
which  is  removed  when  the  entire  computer  is  completed.  First,  a  locating  channel  for  the  mandrel 
is  cut  into  a  layer  of  polyurethane,  and  the  mandrel  is  placed  in  that  channel  adjacent  to  a  PCB 
segment  (Figure  9a ).  The  mandrel  contains  a  copper  contact  ring  which  will  remain  embedded  in 
polyurethane  once  the  mandrel  is  removed  (Figure  9b).  This  ring,  which  is  is  soldered  to  the 
PCB,  will  form  a  battery  contact  and  also  act  as  an  anchor  for  attaching  the  battery  compartment 
cap  (Figure  9c).  The  rear  of  the  mandrel  locates  a  second  battery  contact  which  is  soldered  to  the 
PCB.  After  the  mandrel  is  placed,  the  next  layer  of  polyurethane  is  deposited  over  it.  When  the 
mandrel  is  removed,  batteries  are  placed  within  the  formed  polyurethane  tube,  then  a  copper  insert 
is  locked  into  the  retainer  ring,  a  brass  screw  is  screwed  into  the  insert  to  contact  the  battery,  a 
gasket  is  placed  over  the  screw,  and  the  prefabricated  battery  cap  is  screwed  in  place. 
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Step  7.  Insert  the  interconnect  Step  6.  Mount  the  second  Step  5.  Apply  next  layer  of  embedding 

pin  and  solder  it  to  the  PCB.  PCB  on  top  of  the  previous  material,  shape  the  layer,  and  drill  the 

layer.  hole  for  the  interconnect  pin  through  the 

embedding  material  and  protective  cap. 

Figure  4*  Sequence  for  installing  vias. 
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Discussion 


There  are  several  issues  which  must  still  be  addressed  in  order  for  freeform  fabrication  of 
embedded  electronic  structures  to  be  a  practical  manufacturing  approach.  One  key  issue  is  that 
embedded  devices  are  not  easily  repairable.  While  we  have  made  repairs  by  drilling  into  completed 
units  to  expose  and  replace  failed  components,  this  takes  considerable  expertise.  To  minimize 
product  failure,  we  test  each  layer  of  electronics  as  the  units  are  built  up.  Assuming  that  embedded 
devices  can  be  built  up  reliably,  and  that  they  fail  predominantly  in  infant  modes,  then  these 
products  would  be  analogous  to  high-end  processors,  such  as  Pentiums,  for  which  consumers  are 
willing  to  pay  a  premium  price  even  though  they  cannot  be  repaired. 

It  currently  takes  several  days  to  build  an  embedded  electronic  structure  with  SDM  due,  in¬ 
part,  to  the  relatively  long  time  required  for  each  layer  of  polyurethane  to  gel.  With  the  current 
formulation,  each  layer  of  polyurethane  takes  approximately  12  hours  to  cure  before  it  can  be 
machined.  While  the  Frogman  was  built  in  about  10  working  days,  which  included  the  time  it  took 
to  debug  some  new  embedding  strategies,  it  is  estimated  that  one  could  be  manufactured  in  ~60 
hours  by  using  more  efficient  machining  plans  and  with  full  automation.  To  increase  the  net 
through-put,  one  option  would  be  to  build  multiple  devices,  in  parallel,  using  a  palletizing  system 
to  both  store  and  register  the  work  pieces.  Products  would  be  queued  so  that  as  some  layers  are 
curing,  others  are  being  machined.  The  goal  is  to  be  able  to  manufacture  10  to  20  units  per  week 
(i.e.,  a  product  with  the  complexity  of  the  Frogman)  using  a  single  CNC  machining  center.  Larger 
batch  sizes  could  be  built  using  additional  machining  centers. 

An  important  quality  measure  of  wearable  computers  is  weight.  The  mechanical  structure 
amounts  to  a  significant  portion  (50%  or  more)  of  the  total  system  weight.  High  bending  stiffness 
and  strength  can  be  maintained  by  placing  stiff  and  strong  materials  as  close  to  the  surface  as 
possible.  The  rest  of  the  inside  structure  can  be  filled  with  less  dense  material  capable  of 
preventing  the  transmission  of  vibratory  and  shock  loads  to  the  electronic  components.  The 
combination  of  high-strength,  dense  materials  in  the  vicinity  of  outside  surfaces,  with  lower 
density  materials  inside,  allows  minimizing  weight  while  keeping  bending  and  buckling  strength  at 
an  acceptable  level.  While  the  Frogman  was  manufactured  with  a  single  material,  SDM  multi¬ 
material  processing  will  enable  designers  to  choose  proper  material  combinations  and  create  unique 
material  distributions  to  build  innovative  and  light  computer  devices  which  could  not  be  fabricated 
with  conventional  methods  such  as  injection  molding. 

Thermal  and  mechanical  design  specifications  of  wearable  computers  are  highly  interlinked 
and  dependent  upon  each  other.  Three  dimensional  distribution  of  circuit  components  is  controlled 
by  device  shape  which,  in  turn,  is  determined  by  external  specifications,  as  well  as  the 
arrangement  of  user-interface  components  (e.g.,  switches,  connectors,  displays).  The  current 
design  methods  used  for  Frogman  required  extensive  and  time  consuming  human  interaction  to 
link  electronic  and  mechanical  designs.  For  rapid  production,  automated  links  between  electronic 
and  mechanical  design  through  proper  CAD  software  are  necessary. 
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Development  of  Direct  SLS  Processing  for  Production  of  Cermet  Composite  Turbine 

Sealing  Components  -  Part  I 
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Abstract 

This  paper  presents  the  development  to  date  of  SLS  (selective  laser  sintering) 
technologies  for  production  of  cermet  composite  turbine  sealing  components,  the  particular 
application  being  an  abrasive  blade  tip.  The  component  chosen  for  the  application  is  an  integral 
part  of  the  low  pressure  turbine  in  a  IHPTET  (Integrated  High  Performance  Turbine  Engine 
Technology)  demonstrator  engine.  Both  indirect  and  direct  SLS  techniques  are  being  developed. 
initial  trials  and  process  development  involved  the  use  of  fugitive  polymeric  binders.  Sequential 
refinements  were  performed  to  develop  a  binderless  direct  SLS  process.  Results  from  mechanical 
testing  indicate  that  acceptable  microstructure  and  properties  are  attainable  by  SLS  with 
substantial  cost  savings  as  compared  to  the  currently  employed  production  method.  This  is  the 
first  instance  of  direct  SFF  methods  applied  to  a  functional  component 

INTRODUCTION 

Since  its  inception  in  the  1930's,  the  gas  turbine  engine  has  grown  to  be  the  workhorse 
power  plant  of  modem  aircraft.  Advanced  technology  propulsion  systems  are  very  important 
from  an  overall  system  affordability  viewpoint  since  higher  engine  performance  can  result  in  a 
smaller  airframe.  In  1988,  the  United  States  Department  of  Defense  and  the  National  Aeronautics 
and  Space  Administration  combined  forces  with  industry  to  focus  gas  turbine  engine  research  and 
development  efforts  toward  the  goal  of  doubling  current  levels  of  propulsion  capability  by  the 
tum-of-the-century.  Known  as  the  IHPTET  (Integrated  High  Performance  Turbine  Engine 
Technology)  program,  this  aggressive  technology  development  plan's  specific  goals  are  to 
increase  thrust-to-weight,  reduce  fuel  bum,  and  reduce  the  cost  of  high  performance  gas  turbine 
engines. 

Increased  affordability  can  be  accomplished  by  either  increasing  engine  performance 
without  cost  penalty  or  by  decreasing  engine  cost  without  sacrificing  performance.  The  two 
principal  aspects  that  IHPTET  is  targeting  to  reduce  engine  life  cycle  cost  are  engine  unit 
acquisition  cost  and,  operating  and  support  costs.  The  technological  developments  required  to 
lower  the  cost  of  future  engines  are  advanced  materials,  innovative  structural  designs,  improved 
aerothermodynamics,  advanced  computational  methods,  and  advanced  manufacturing  techniques. 
The  integration  of  these  advanced  technologies  will  not  only  provide  the  benefit  of  improved 
performance,  but  will  also  help  to  make  engine  systems  more  robust  and  more  affordable. 
IHPTET  cost  reduction  studies1  have  found  that  a  key  to  engine  cost  reduction  is  cost  effective 
fabrication  and  manufacturing.  These  studies  have  also  shown  that  several  principal  factors  can 
contribute  to  lower  manufacturing  costs  for  the  advanced  technology  engine,  including  its  smaller 
size,  reduced  parts  count  and  cost  effective  manufacturing  methods. 

An  example  of  advanced  manufacturing  methods  that  can  impact  cost  reduction  of  engine 
components  is  SFF.  This  technology  is  striving  towards  decoupling  cost  from  volume2  by  making 
it  possible  to  produce  the  first  unit  at  a  recurring  cost  equal  to  the  hundredth  unit3.  The  IHPTET 
program  has  chosen  an  application  to  demonstrate  this  technology.  It  is  a  cermet  composite 
component  that  is  an  integral  part  of  the  low  pressure  turbine  in  an  IHPTET  demonstrator  engine. 


t  Allison  Engine  Company,  Indianapolis,  Indiana 
$  Laboratory  for  Freeform  Fabrication,  University  of  Texas  at  Austin 
§  Wright  Laboratory,  Wright-Patterson  AFB,  Ohio 
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This  paper  begins  with  a  brief  background  on  gas  turbine  sealing  technology.  The 
objectives  for  pursuing  the  research  described  herein  are  discussed  next.  The  potential  for 
significant  cost  savings  by  pursuing  SLS  as  a  manufacturing  technique  is  demonstrated.  The 
Allison  Engine  Co.  “standard  cermet”  production  technique  is  described,  followed  by  a 
description  of  materials  and  methods  used  in  this  research.  The  results  section  compares 
properties  of  cermet  material  processed  by  SLS  with  those  of  cermet  produced  by  the  standard 
production  technique.  Problems  encountered  with  materials  interaction  in  the  cermet  composite 
and  their  solutions  are  discussed.  Conclusions  and  plans  for  future  work  are  presented. 

BACKGROUND 

Gas  turbine  efficiency  is  highly  dependent  upon  minimizing  leakage  of  the  gas  away  from 
and  around  the  working  gas  path.  Therefore,  clearance  between  rotating  and  static  parts  is 
critical  This  clearance  changes  with  component  expansion  and  contraction  due  to  the  thermal 
cycling  experienced  in  gas  turbines.  One  of  the  primary  methods  developed  for  accounting  for 
this  expansion  and  contraction  is  an  abradable  seal  system4,5.  This  seal  system  works  by  attaching 
a  cermet  composite  abrasive  blade  tip  (ABT)  to  the  sealing  surface  of  the  rotating  component. 
The  circular  stationary  component  is  coated  with  an  appropriately  engineered  semi-porous 
abradable  ceramic  which  is  abraded  by  the  rotating  cermet  to  form  a  shroud  type  gas  path  seal 
around  the  rotating  component. 

The  semi-porous  ceramic  component  is  relatively  inexpensive  and  simple  to  manufacture. 
However,  the  abrasive  cermet  (0.035-0.060  inches  thickness)  is  difficult  to  manufacture  on  a 
production  scale  and  contains  expensive  components.  The  cost  of  the  raw  materials  makes  scrap 
highly  undesirable.  Manufacturing  of  this  layer  typically  involves  rolling  and  pressing  a  mixture  of 
the  ceramic  and  metal  alloy  powders  with  an  organic  binder  to  the  correct  thickness.  The  rolled 
mat  is  then  vacuum  sintered.  It  is  evaluated  for  proper  microstructure,  machine  ground  to  proper 
thickness,  laser  cut  and  metallurgically  bonded  to  the  rotating  hardware.  This  complete  process  is 
labor  intensive  and  can  result  in  a  significant  amount  of  scrap  if  stringent  manufacturing  processes 
are  not  adhered  to. 

Due  to  the  difficulties  encountered  with  standard  abrasive  cermet  production,  an  alternate 
approach  for  producing  this  material  is  desired.  Since  the  standard  production  material  is  capable 
of  being  laser  cut  to  final  shape,  laser  sintering  of  the  constituent  powders  was  the  primary 
alternate  approach  chosen.  SLS  (Selective  Laser  Sintering)  is  a  rapid  manufacturing  technique 
that  builds  parts  from  a  powder  base.  SLS  creates  freeform  3-dimensional  solid  objects  without 
the  use  of  any  tooling  or  human  intervention.  Details  on  this  process  are  described  elsewhere6,7,8. 

SLS  has  been  commercially  developed  by  DTM  Corporation  and  is  in  use  for  prototyping 
models  from  polymeric  powders  and  for  creating  investment  casting  wax  patterns.  More  recently, 
DTM  has  introduced  RapidTool,  a  technology  for  creating  prototype  metal  tooling  from  polymer 
coated  metal  powders9.  This  process  uses  indirect  SLS  techniques10  which  involve  the  use  of 
fugitive  polymer  binders  to  produce  a  “green”  shape  that  is  subsequently  post-processed  by  binder 
burn-out,  sintering  and  infiltration  to  produce  high  density  metal  and  ceramic  parts  and 
tooling11,12,13,14,15.  A  functional  metal  part,  porous  or  fully  dense,  has  not  been  made  previously 
by  direct  SLS.  The  terminology  “direct  SLS”  implies  a  binderless  SLS  process  in  which  the 
material  constituents  are  directly  laser  sintered  to  produce  a  high  density  part  requiring  little  or  no 
post-processing. 

The  expensive  and  difficult  to  manufacture  abrasive  cermet  composite  can  potentially  be 
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directly  laser  sintered,  therefore  making  it  an  ideal  part  for  processing  by  direct  SLS.  An  SLS 
process  for  producing  abrasive  cermet  composite  can  potentially  provide  a  uniform,  repeatable 
manufacturing  process  that  would  eliminate  much  of  the  manual  labor  as  well  as  reduce  scrap  and 
make  all  unsintered  fall  off  materials  reusable. 

OBJECTIVES 

The  primary  goal  of  research  described  herein  is  to  develop  an  SLS  process  capable  of 
producing  the  cermet.  The  cermet  produced  by  SLS  must  have  properties  equivalent  to  the 
current  production  material  used  by  Allison  Engine  Company.  The  process  developed  should 
allow  for  possible  reuse  of  all  unsintered  fall  off  material.  Another  goal  is  to  eliminate  a  low 
melting  point  braze  constituent  which  will  extend  oxidation  life  and  possibly  allow  higher 
operating  temperatures. 

Reducing  production  costs  and  achieving  a  repeatable  production  process  are  the  primary 
motivation  for  pursuing  SLS  as  a  manufacturing  technique  in  this  application.  The  typical 
manufacturing  method  of  tape  casting  and  rolling  requires  a  fixed  amount  of  material  input  per 
lot,  independent  of  the  actual  parts  needed  per  lot  size,  up  to  lot  sizes  producing  1000  parts.  For 
prototype  lot  sizes  to  produce  100  parts  or  less,  this  method  becomes  expensive  considering  the 
cost  of  the  materials  involved.  Moreover,  sintered  material  left  over  after  the  laser  cutting  step, 
“fall-off’,  is  scrap.  Since  direct  SLS  does  not  utilize  a  binder,  it  eliminates  nearly  all  scrap 
material  by  enabling  recycling  of  all  fall-  off  materials  from  a  lot.  This  significantly  reduces  the 
cost  and  results  in  the  primary  portion  of  the  cost  savings.  The  remainder  of  the  cost  savings  are 
realized  by  elimination  of  labor  intensive  tape  casting  and  rolling  in  the  currently  employed 
production  process.  A  cost  break-down,  shown  in  Figure  1,  was  performed  to  illustrate  the 
potential  benefits  of  developing  an  SLS  process.  The  details  and  assumptions  used  to  formulate 
this  break  down  are  provided  in  Table  1.  Obtaining  a  repeatable  production  process  also  results 
in  very  large  cost  savings  which  are  not  directly  measurable.  The  current  production  process  has 
variable  yield,  resulting  in  a  significant  amount  of  scrap  due  to  unacceptable  porosity. 


ABT  Manufacturing  Cost  Analysis 


Figure  1.  Standard  method  Vs  SLS  processing  cost  comparison 
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Assumptions 

SLS  -  Lot  size  of  100, 90%  efficiency,  material  costs  $900 
Standard  method  -  Lot  size  of  1000, 80%  efficiency,  material  costs  $10,000 


Material 

Mixing  and 
Casting 

Grinding 

Sintering 

SLS 

$900 

2  hours 

4  hours 

0.5  +  (0.02  XN) 

0 

Additional 

Lots 

$900 

2  hours 

Standard 

$10000 

8  hours 

■n/iiimi 

0.5  +  (0.02  X  N) 

8  hours 

Additional 

Lots 

$10000 

8  hours 

8  hours 

N=  number  of  cermet  preforms 


Table  1.  Cost  breakdown 


MATERIALS  AND  METHODS 
Standard  Cermet  Production 

The  standard  abrasive  cermet  composite  is  composed  of  two  different  types  of  titanium 
coated  ceramic  abrasive  grit,  a  nickel  alloy  matrix,  and  a  lower  melting  point  cobalt  based  braze 
material  The  compositions  of  the  metal  alloy  components  are  provided  in  Table  2.  The  titanium 
coating  on  the  ceramic  grit  functions  as  a  bonding  interlayer  to  promote  a  metallurgical  bond  as 
opposed  to  a  mechanical  interlocking  bond  which  would  result  from  using  uncoated  grit.  A 
metallurgical  bond  is  more  effective  in  preventing  grit  pull  out  which  occurs  during  rubbing  or 
abrading  of  the  cermet  composite.  Physically  or  mechanically  interlocked  grit  has  a  high  tendency 
to  be  pulled  out  of  the  matrix  by  the  shear  forces  encountered  during  rubbing.  Removal  of  grit 
particles  results  in  reduced  abrasive  for  cutting  a  clear  path  which  has  two  consequences:  (1)  the 
metallic  matrix  will  be  rubbing  the  ceramic  abradable  seal  material,  increasing  friction  forces  and 
reducing  efficiency,  and  (2)  occurring  but  less  likely,  the  pullout  introduces  a  gap  for  compressed 
gas  to  leak  around  the  working  path.  Additional  details  are  described  elsewhere16,17. 


Material 

Ni 

Co 

Cr 

A1 

Ti 

w 

Si 

B 

Mo 

Ta 

Hf 

Mar-M-247 

Bal 

10.0 

8.4 

5.5 

1.0 

10.0 

0.01 

0.7 

3.1 

1.4 

*CMSX-3 

Bal 

H 33 

7.8 

5.6 

1.0 

8.0 

0.5 

6.0 

0.1 

21.0 

Bal 

22.0 

14.0 

2.0 

2.0 

*  CMSX-3  is  a  registered  trademark  of  Cannon-Muskegon  Corp. 

0  Amdry  788  is  braze  alloy  from  Sulzer  Plasma  Technik,  Inc. 

Table  2.  Nominal  compositions  of  matrix  materials  used  in  the  cermets 


To  produce  a  “lot”  of  this  material  via  tape  casting  and  rolling,  a  fixed  amount  of  material 
input  is  required  regardless  of  the  lot  size.  These  materials  are  mixed  by  low  energy  ball  milling 
followed  by  the  addition  of  an  organic  binder.  The  mixture  is  then  tape  cast  and  subsequently 
rolled  to  eliminate  porosity  and  obtain  the  desired  thickness.  After  rolling,  the  material  is  fired  in 
a  vacuum  furnace  to  bum  off  the  binder  and  consolidate  the  mixture  by  melting  and  diffusing  the 
braze  constituent.  After  densification  the  material  is  metallographically  analyzed  to  determine 
whether  it  meets  homogeneity  and  porosity  requirements.  To  meet  homogeneity  requirements. 
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the  sintered  material  must  exhibit  no  discrete  layering  or  agglomeration  of  abrasive  particles  which 
would  result  in  grit  pullout  causing  a  decrease  in  efficiency.  Porosity  requirements  allow  for  no 
more  than  20%  linear  porosity  as  determined  from  a  metallographic  montage  using  a  line  intercept 
method.  If  the  material  meets  these  specifications,  coupons  are  removed  and  brazed  into  the  gage 
section  of  a  test  bar  conforming  to  ASTM  E139  and  subjected  to  an  application  specific  stress- 
rupture  test.  The  details  of  this  test  are  provided  in  the  results  section  of  this  paper. 

The  strength  and  oxidation  resistance  of  the  cobalt  braze  component  are  factors  currently 
limiting  the  application  temperatures.  There  are  alternate  methods  of  making  brazeless  cermets, 
such  as  HIP  (hot  isostatic  pressing),  ROC  (rapid  omni-directional  compaction)  and  Electro- 
depostion.  However,  they  are  more  labor  intensive.  Therefore,  development  of  a  direct  SLS 
process  for  production  of  brazeless  cermets  will  not  only  provide  significant  cost  savings  but  also 
performance  enhancement  over  that  of  the  braze  containing  composition. 

Cermet  Production  by  SLS 
Apparatus 

The  apparatus  used  for  this  research  included  SLS  workstations  equipped  with  Nd:YAG 
and  C02  lasers.  The  indirect  SLS  work  was  done  at  ambient  atmosphere  using  a  25  Watt  C02 
laser.  The  direct  SLS  work  was  conducted  on  SLS  workstations  equipped  with  100  Watt  and 
250  Watt  Nd:YAG  lasers,  powder  bed  heating  capability  and  controlled  atmosphere. 

Processing  Methods 

Two  SLS  processing  methods  were  investigated  concurrently.  The  most  desired  method 
is  direct  SLS  which  involves  directly  melting  and  consolidating  selected  regions  of  a  powder  bed 
to  form  a  desired  shape  having  high  or  full  density.  Direct  metal  laser  sintering  involves  melting 
the  component  matrix  and  obtaining  the  appropriate  amount  of  flow  from  the  molten  material. 
The  appropriate  amount  of  flow  is  critical  and  can  be  described  as  the  flow  that  eliminates 
porosity,  produces  a  highly  dense  part  maintaining  dimensional  tolerances  and  minimizes  other 
defects  such  as  hot  tearing.  The  appropriate  amount  of  flow  is  controlled  by  several  factors  such 
as  atmosphere,  powder  bed  heat  and  three  characteristic  variables  affecting  laser  energy  density: 
laser  power,  scan  spacing  and  scan  speed. 

These  SLS  processing  parameters  can  be  refined  within  a  working  window  depending 
upon  the  mechanical  properties  desired.  In  addition,  a  post-process  heat  treatment  may  be  applied 
to  modify  the  microstructure.  The  parameter  used  for  microstructure  refinement  was  the  energy 
density18  defined  as 

An  =~~J  (J/cm2) 
v  •  o 

where 

P  is  the  incident  laser  power  (Watts) 

v  is  the  laser  scan  speed  (cm/s) 

8  is  the  scan  spacing  (cm) 

An  alternative  method  investigated  is  indirect  SLS.  The  term  “indirect”  implies  that  the 
metal  powder  is  not  melted  directly  by  the  laser.  Instead,  a  low  glass  transition  temperature 
polymer  binder  either  mixed  into  the  powder  or  present  as  a  coating  on  the  powder  particles 
softens  and  flows  during  selective  laser  sintering.  This  polymer  acts  as  the  binding  phase,  giving 
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strength  to  the  “green”  part.  The  “green”  part  is  post  processed  to  bum  off  the  polymer  and 
sinter  the  metal  powder.  The  goal  of  this  processing  method  was  to  develop  the  procedure  into  a 
process  that  incorporates  laser  volatilization  of  the  binder  immediately  before  or  during  direct 
SLS. 

Indirect  SLS  material  preparation 

The  constituent  components  were  combined  according  to  the  compositions  shown  in 
Table  3  below  and  ball  milled  in  a  tungsten  carbide  container.  The  composition  of  the  cobalt 
braze  was  varied  to  determine  its  effect  on  the  final  properties  of  the  sintered  composite, 
providing  an  optimized  composition  with  respect  to  braze  content.  The  amount  of  cermet  grit 
remained  constant  in  all  mixtures.  All  grit  except  the  grit  used  in  Mixture  5  was  coated  with 
titanium. 


Composition 

1 

Composition 

2 

Composition 

3 

Composition 

4 

Composition 

5 

Composition 

6 

Bal 

Bal 

Bal 

Bal 

Bal 

Bal 

Braze 

24.3  wt.% 

21  wt.% 

18  wt.% 

15  wt.% 

24.3  wt.% 

24.3  wt.% 

Grit 

Ti  Coated 

Ti  Coated 

Ti  Coated 

Ti  Coated 

Uncoated 

Ti  Coated 

Binder 

2.0  wt.% 

2.0  wt.% 

2.0  wt.% 

2.0  wt.% 

2.0  wt.% 

2.0  wt.% 

Table  3.  Indirect  SLS  compositions 


Initial  trials  indicated  that  there  was  a  sporadic  problem  with  grit  segregation.  To 
eliminate  this  problem,  a  slurry  was  created  by  adding  acetone.  The  slurry  was  mixed  in  a  motor 
driven  stirrer.  During  mixing,  the  acetone  evaporated  leaving  a  highly  viscous  slurry  paste  which 
was  pressed  to  form  a  thin  cake  and  dried  to  volatilize  the  remaining  solvent.  The  cake  was 
crushed  using  a  mortar  and  pestle  to  form  a  coarse  powder  composed  of  roughly  500  |im  particle 
agglomerates.  SEM  micrographs  are  provided  in  Figure  2. 

The  agglomerate  powder  was  placed  in  the  stainless  steel  mold  of  a  compression  molding 
press.  The  platens  of  the  molding  machine  were  preheated  above  the  binder  softening 
temperature.  Pressure  was  maintained  during  heat  up  and  cool  down.  The  fractional  density  of 
the  bound  and  pressed  preform  was  measured,  using  the  linear  intercept  method,  at  60%. 

Indirect  SLS  processing 

SLS  processing  included  cutting  the  desired  shape  from  the  pressed  preform  using  a  25 
Watt  CO2  laser.  Several  passes  were  necessary  at  this  laser  power  to  completely  penetrate  the 
0.060”  preform  thickness.  Use  of  higher  laser  power  of  the  order  of  100  Watts  would  facilitate 
cutting  the  shape  in  a  single  pass.  Other  process  trials  addressed  the  volatilization  of  the  binder 
utilizing  low  power  scanning  to  facilitate  direct  SLS  processing. 

Direct  SLS  material  preparation 

Material  preparation  for  the  direct  SLS  method  was  simpler.  The  metal  alloy  and  ceramic 
constituents  were  combined  according  to  mixture  3  shown  in  Table  3  above  and  blended  for  4-6 
hours  prior  to  loading  in  the  SLS  chamber. 
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Figure  2.  SEM  micrographs  of  Agglomerates 

Direct  SLS  processing 

To  characterize  the  behavior  of  the  metallic  constituents  of  this  material  system  with 
respect  to  laser  irradiation,  the  superalloy  and  the  cobalt  braze  were  individually  processed  by 
SLS.  These  initial  screening  trials  indicated  that  structurally  sound  monolithic  single  layers  could 
be  produced.  Typical  microstructures  from  these  trials  are  shown  in  Figures  3  through  5. 
However  when  the  metal  alloys  were  blended  together  the  material  exhibited  severe  balling.  The 
balling  of  the  alloy  mixture  is  demonstrated  by  the  photomicrograph  of  the  sample  in  Figure  5. 
The  uniform  dendritic  microstructure  is  indicative  of  thorough  melting  and  mixing. 


Figure  3.  Direct  SLS  Mar-M-247,  no  etch,  magnification  50X 
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Figure  4.  Direct  SLS  cobalt  braze,  no  etch,  magnification  200  X 


Figure  5.  Direct  SLS  Mar-M-247  &  braze  alloy,  magnification  200  X 

As  stated  earlier,  one  of  the  goals  of  this  research  was  to  investigate  the  elimination  of  the 
cobalt  braze  alloy  from  the  material  system.  Due  to  the  severe  balling  exhibited  by  the  standard 
mixture  recipe,  direct  SLS  of  a  brazeless  cermet  composition  was  pursued.  This  composition  was 
formulated  by  replacing  the  weight  fraction  of  the  cobalt  braze  by  the  nickel  base  superalloy.  This 
composition  was  utilized  in  all  direct  SLS  experiments  conducted  for  the  remainder  of  the 
program. 
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Development  of  Direct  SLS  Processing  for  Production  of  Cermet  Composite  Turbine 

Sealing  Components  -  Part  II 

T.  Fuesting*,  L.  Brown1,  S.  Das*,  N.  Harlan*,  G.  Lee*,  J.  J.  Beaman*,  D.  L.  Bourell*,  J.  W.  Barlow*,  K. 
Sargent9 

RESULTS  AND  DISCUSSION 
Indirect  SLS 

Coupons  from  each  of  the  compositions  shown  in  Table  3  were  fired  in  vacuum  to  bum 
off  the  binder  and  fully  consolidate  the  coupons.  Shrinkage  measurements  taken  from  these 
coupons  placed  the  shrinkage  at  4%-6%.  Metallographic  evaluations  revealed  that  all  samples 
possessed  relatively  uniform  grit  distribution.  A  typical  microstructure  is  provided  in  Figure  6. 


Figure  6.  Typical  microstructure  of  indirect  processed  material,  magnifications  100X  &  250X 


However  Compositions  #  4  and  #5  illustrated  substantial  pullout  of  grit  particles  during  polishing. 

The  microstructures  of  Composition  #4  is  provided  in  Figure  7.  In  Composition  #4  the  grit  pull 
out  was  associated  with  the  reduced  braze  content  and  in  Composition  #5  this  was  associated 
with  the  alumina  used  which  did  not  have  a  titanium  coating.  This  experiment  effectively 
illustrated  that  the  titanium  coating  on  the  alumina  is  necessary.  The  minimum  braze  content  for 
an  indirect  process  was  established  at  approximately  18%  by  weight. 

Samples  of  Compositions  #2  and  #  3  were  manufactured  according  to  the  process  detailed 


t  Allison  Engine  Company,  Indianapolis,  Indiana 
$  Laboratory  for  Freeform  Fabrication,  University  of  Texas  at  Austin 
§  Wright  Laboratory,  Wright-Patterson  AFB,  Ohio 
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above.  The  samples  of  Composition  #3  had  circular  patches  removed  which  were  surface  ground 
and  brazed  using  a  braze  alloy  into  the  gage  section  of  a  single  crystal  stress  rupture  bar.  The 
acceptance  criteria  requires  that  the  sample  survive  a  minimum  of  2100°F/35  hours.  The  results 
of  the  four  specimens  are  provided  in  Table  4.  Only  one  sample  did  not  meet  the  qualification 
criteria,  this  sample  failed  at  the  braze  joint,  indicating  a  bond  defect 


Figure  7.  Microstructure  of  Indirect  Processed  Composition  #  4  illustrating  grit  pull-out, 
magnification  100X 


Sample 

Stress 

(psi) 

Time 

(hrs) 

Temperature 

CF) 

3- AM 

500 

50 

2100 

48  hrs. 

3-BM 

500 

50 

2100 

No  failure 

3-CM 

500 

50 

2100/8.2  hrs. 
Braze  Failure 

3-DM 

500 

50 

2100 

No  failure 

Table  4  Stress  rupture  test  results  of  indirect  SLS  processed  cermet 


Rub  coupons  were  also  manufactured  from  the  samples  and  rub  tested  at  room 
temperature.  The  results  are  provided  in  Table  5.  A  schematic  of  a  rub  test  is  provided  in  Figure 
8. 
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Processing 

Composition 

Volumetric  Rub 
Ratio 

Linear  Rub 
Ratio 

Indirect 

3 

170 

13 

Indirect 

2 

511 

14 

Allison  conventional 

140 

144 

Table  5  Rub  testing  of  indirect  processed  material  against  seal  material  (Quantabrad  2) 


Evaluation  of  room  temperature  rub  testing  results  on  Compositions  #2  and  #3  provided 
interesting  results.  The  evaluation  involved  linear  rub  ratios  which  is  the  ratio  of  ceramic  rub  scar 
depth  to  abrasive  cermet  height  loss  which  is  not  an  extremely  precise  measurement  due  to  the 
fact  that  tip  height  loss,  if  not  significant,  is  not  easily  and  accurately  measured.  In  general,  linear 
rub  ratios  in  excess  of  10  are  good  and  meet  abrasive  blade  tip  goals.  The  indirect  SLS  materials 
evaluated  met  this  goal. 


Figure  8.  Illustration  of  Rub  Testing 

A  more  accurate  measure  is  a  volumetric  comparison  which  is  the  ratio  of  rub  scar  arc 
depth  multiplied  by  the  rub  scar  width  to  the  tip  weight  loss  divided  by  the  abrasive  density. 
Simply  stated  this  is  the  ratio  of  the  abradable  seal  material  rub  scar  volume  to  the  volume  lost  on 
the  abrasive  tip. 

As  the  data  indicates,  the  volumetric  comparison  provides  different  results  than  the  linear 
rub  ratio  comparison.  A  volumetric  rub  ratio  in  excess  of  30  is  considered  good.  The  volumetric 
comparisons  indicate  the  results  of  the  SLS  processed  material  are  very  good.  It  is  to  be  noted 
that  all  of  the  above  materials  would  be  considered  equivalent  based  on  the  limited  number  of 
tests  run.  To  distinguish  one  as  being  better  than  another,  a  statistically  significant  number  of 
tests  from  different  lots  of  materials  would  need  to  be  conducted  and  then  reviewed  with 
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accompanying  stress  rupture  data. 

The  testing  of  indirect  SLS  processed  cermet  indicated  that  it  was  comparable  in 
microstructure  and  mechanical  properties  to  the  material  processed  by  the  standard  technique. 
Therefore  a  final  process  demonstration  was  completed  to  illustrate  that  production  of  blade  tips 
via  the  indirect  process  is  feasible. 

A  email  lot  of  material  was  manufactured  to  produce  4  pieces  of  hardware.  The  parts 
were  laser  scanned  to  final  shape  accounting  for  4%  shrinkage.  The  parts  were  subsequently  fired 
in  vacuum.  Two  of  the  four  pieces  of  hardware  produced  are  illustrated  in  Figure  9.  The 
microstructure  of  the  parts,  presented  in  Figure  10,  was  very  uniform  and  passed  all  requirements. 
As  discussed  earlier,  follow-on  development  was  aimed  at  volatilizing  the  binder  using  low 
power  scans  of  the  laser.  These  experiments  were  canceled  due  to  the  coating  of  laser  optics  and 
chamber  apparatus  by  the  volatilization  of  the  binder. 


Figure  9.  Blade  Tips  Produced  via  Indirect  SLS  Process 


Figure  10.  Typical  microstructure  of  Indirect  Processed  blade  Tip,  Minimal  Porosity  and 
Agglomerates,  magnification  25X. 
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microstracture  are  provided  in  Figures  i  1  throu 


superplastically*  .  This  would  allow  SLS  of  pa 


Sample 

Stress 

(psi) 

HSH 

Temperature 

CF) 

K442 

500 

50 

2100 

No  Failure 

L240 

500 

50 

2100/15  hrs 
Braze  failure 

C274 

500 

50 

2100 

No  Failure 

N444 

500 

50 

2100 

No  Failure 

Table  6.  Stress  rupture  test  results  of  direct  SLS  processed  cermet 

Rub  coupons  were  also  manufactured  from  the  samples  and  rub  tested  at  room 
temperature.  The  results  are  provided  in  Table  7. 


Processing 

Composition 

Volumetric  Rub 
Ratio 

Linear  Rub 

Ratio 

7/4 -A 

SLS  Brazeless 

161 

31 

7/4 -B 

SLS  Brazeless 

168 

23 

Allison  Conventional 

Brazeless 

187 

37 

Table  7.  Rub  testing  of  direct  processed  cermet  against  seal  material  (Quantabrad  2) 


These  results  indicate  that  the  brazeless  cermet  material  composition  processed  by  direct 
SLS  is  equivalent  to  the  standard  cermet.  For  sample  L240,  the  failure  occurred  at  the  braze 
joint,  indicating  a  bond  defect.  Additional  testing  is  required  to  establish  improvement  in 
performance  attained  by  elimination  of  the  braze  constituent. 

CONCLUSIONS 

Direct  SLS  of  cermet  abrasive  composites  and  monolithic  metallic  materials  have  been 
developed  under  this  program.  The  processing  parameters  developed  can  be  modified  such  that 
SLS  of  a  variety  of  fully  dense  monolithic  metallic  materials  can  be  conducted.  The  parameters 
for  SLS  of  monolithic  materials  are  adjustable  such  that  the  resulting  microstructure  can  be 
tailored  to  a  specific  need.  Energy  densities  of  approximately  2000  to  4000  J/cm2  are  required  to 
eliminate  porosity  retained  around  grit  particles  in  the  superalloy  cermet  composite.  For  this 
particular  composite  material  the  energy  density  should  be  such  that  the  microstructure  produced 
is  just  barely  transformed  to  fully  dendritic.  Energy  densities  in  the  range  2500-3500  J/cm2  will 
produce  a  fully  dendritic  microstructure.  Energy  densities  of  1900  to  2200  J/cm2  will  produce  a 
very  fine  grained  equiaxed  fully  dense  superalloy  microstructure  which  may  exhibit  superplastic 
properties  at  elevated  temperatures. 

The  mechanical  testing  results  indicate  that  direct  SLS  can  produce  microstructure  and 
properties  equivalent  to  or  better  than  the  conventional  labor  intensive  process. 

The  production  of  a  small  lot  of  abrasive  cermet  components  and  the  recycling  of  all  fall 
off  material  have  proven  that  the  process  is  production  ready  and  dramatically  reduces  production 
costs  as  outlined  in  the  cost  analysis. 
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Compared  to  the  conventional  processing  method,  direct  SLS  offers  the  following  benefits: 

1 .  Reduced  labor  and  variability  by  eliminating  tape  casting  and  rolling. 

2.  Repeatable  production  process. 

3.  Binderless  process. 

4.  Elimination  of  lower  melting  point  braze  constituent  from  the  composition. 

5.  Recyclable  fall  off  material,  minimal  scrap  from  any  lot  size. 

Indirect  SLS  offers  the  following  benefits: 

1 .  Reduced  labor  and  variability  by  eliminating  tape  casting  and  rolling. 

2.  Repeatable  production  process. 

3.  Reduced  labor  in  obtaining  the  correct  thickness  and  porosity. 

4.  Ability  to  manufacture  much  smaller  lot  size  as  compared  to  conventional  manufacturing 
method. 

The  indirect  SLS  process  has  some  disadvantages  as  compared  to  the  direct  SLS  process.  These 
are: 

1 .  Fall  off  material  may  possibly  not  be  recyclable. 

2.  Requires  handling  the  parts  in  the  delicate  green  state  which  may  produce  additional  scrap. 

The  next  stage  of  research  under  this  program  will  focus  on  developing  a  high  yield, 
repeatable  production  process. 
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1.0  INTRODUCTION 

Raytheon-Waco  (formerly  Chrysler  Technologies  Airborne  Systems)  is  an  aircraft 
modification  facility  in  Waco,  TX,  specializing  in  military,  executive,  and  head-of-state  aircraft 
modifications.  Raytheon-Waco  has  over  25  years  of  aircraft  modification  experience,  and  is  a 
leading  contractor  for  major  US  and  foreign  government  programs  that  require  system  design, 
airframe  modification,  installation,  flight  testing,  and  post-delivery  technical  and  logistical 
support.  Current  programs  at  Raytheon-Waco  include  foreign  government  Head-of-State  wide- 
body  aircraft  modifications  consisting  of  luxury  interiors,  secure  communications,  and  airframe 
modifications,  and  US  and  foreign  military  aircraft  modifications  involving  electronics, 
communications,  avionics,  and  airframe  modifications. 

The  aircraft  modification  industry  is  highly  competitive,  with  a  variety  of  very  competent 
companies  constantly  trying  to  increase  market  share  and  move  into  new  markets.  Raytheon- 
Waco  has  focused  primarily  on  military  communications  and  transport  aircraft,  and  Head-of- 
State  wide-body  aircraft.  Due  to  increasing  competition  and  customer  cost-conscientiousness, 
Raytheon-Waco  is  working  to  reduce  cost  and  cycle  time  while  maintaining  its  reputation  for 
delivering  on  time  and  within  budget.  There  is  also  movement  into  other  markets,  such  as  lower- 
cost  wide-body  executive  aircraft. 

Raytheon-Waco  is  currently  transitioning  to  a  paperless  design  process,  with  the  ultimate 
goal  of  performing  all  design,  analysis,  manufacturing,  and  aircraft  installation  from  CAD 
models  without  requiring  paper  drawings.  Increased  use  of  electronic  models  will  also  allow 
more  parallel  processes  to  be  performed,  eliminating  many  of  the  sequential  design  steps 
currently  required.  Among  the  steps  that  will  be  performed  in  parallel  will  be  detailed  design, 
manufacturing  and  installation  planning,  technical  publications,  and  design  analysis.  Without 
improved  initial  designs,  parallel  work  will  only  lead  to  increased  rework  and  wasted  effort. 
Rapid  prototyping  is  a  key  factor  in  reducing  risks  associated  with  concurrent  processes,  and  its 
benefits  are  critical  to  efforts  to  reduce  the  cost  and  schedule  of  future  aircraft  modifications. 

2.0  RAPID  PROTOTYPING  AT  RAYTHEON-WACO 

2.1  RAPID  PROTOTYPING  NEED 

Traditional  high- volume  production  is  seldom  required  at  Raytheon-Waco.  Most  of  the 
commercial  wide-body  and  military  modifications  are  unique  designs  that  are  similar  to 
traditional  prototypes  in  that  the  designs  are  constantly  evolving,  typically  only  small  pieces  and 
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sub-assemblies  of  previous  designs  can  be  re-used,  and  lessons  learned  in  previous  aircraft 
modifications  only  have  limited  application.  Reducing  cost  and  cycle  time  for  many  aircraft 
components  by  quickly  and  cheaply  producing  prototypes  of  new  designs  for  customer  approval 
and  design  verification  on  the  aircraft  prior  to  part  fabrication  was  a  real  need,  and  was  the 
driving  factor  behind  the  acquisition  of  rapid  prototyping  (RP)  equipment.  Potential 
manufacturing  and  tooling  uses  of  RP  technologies  also  contributed  to  the  decision  to  invest  in 
RP,  but  were  not  the  driving  factors. 

2.2  RAPID  PROTOTYPING  EQUIPMENT 

In  1995,  Raytheon-Waco  began  investigating  rapid  prototyping  equipment  to  be  used 
primarily  by  design  engineers  to  ensure  form,  fit,  and  function  of  parts  and  assemblies.  This  led 
to  the  purchase  of  a  3D  Systems  SLA-500  Stereolithography  Apparatus  (SLA)  in  early  1996.  In 
the  SLA  process  a  solid  physical  part  model  is  made  directly  from  3-D  CAD  model  data  within  a 
relatively  short  period  of  time,  usually  less  than  one  day.  The  model  is  built  by  successively  laser 
curing  layers  of  photopolymer  resin  until  the  part  is  completed.  After  the  model  has  been  built,  it 
is  removed  from  the  SLA  processing  chamber  and  placed  in  a  Post  Curing  Apparatus  (PCA), 
where  the  model  is  flooded  with  intense  ultraviolet  light  to  complete  the  polymerization  process. 
It  is  then  finished  using  a  variety  of  sanding  and  painting  techniques.  The  total  processing  time 
is  typically  one  to  three  days. 

2.3  SLA  IMPLEMENTATION 

Raytheon-Waco  has  a  laboratory  dedicated  to  rapid  prototyping,  with  the  SLA-500,  an 
accompanying  centrifuge  and  PCA,  as  well  as  a  model  finishing  facility.  The  SLA  technician  is 
responsible  for  finishing  each  model,  including  post-curing,  removing  excess  resin,  sanding, 
painting,  and  when  necessary  bonding  models  into  assemblies.  The  SLA  technician  works 
directly  with  engineers  considering  SLA  models  to  determine  if  they  have  a  good  application, 
modify  CAD  models  to  improve  the  SLA  model  quality,  and  ensure  that  the  part  model  can  be 
built  in  the  SLA-500.  He  will  also  input  the  appropriate  shrink  factors  into  the  build  process  for 
models  used  as  tooling. 

SLA  modeling  is  part  of  a  move  to  paperless  design,  fabrication,  and  installation  in  order  to 
reduce  costs  and  compress  schedules.  The  process  of  ordering  an  SLA  model  is  completely 
electronic,  and  requires  3-Dimensional  (3D)  surface  or  solid  models.  New  design  work  at 
Raytheon-Waco  is  done  in  Pro/Engineer1  3D  solid  modeling,  which  has  a  standard  .STL  file 
output  that  can  be  input  into  the  3D  Systems  software.  There  is  also  an  approved  ISO  9001 
procedure  and  work  instruction  for  electronically  ordering  SLA  models. 

3.0  SLA  IN  DESIGN 

In  the  six  months  since  obtaining  RP  capability,  Raytheon-Waco  has  realized  significant 
benefits  from  using  SLA,  with  potential  for  even  larger  benefits  in  the  future.  Specific 
advantages  have  been  seen  in  the  design  process  and  in  an  increase  in  customer  input  and 
satisfaction.  Allowing  the  designers,  engineers,  management,  purchasing,  and  customers  to 
review  physical  models  of  designs  before  releasing  a  drawing  is  expected  to  reduce  the  number 
of  engineering  change  orders  issued  during  the  design  and  production  phase.  In  addition,  check 
fitting  full  scale  SLA  models  of  various  parts  and  assemblies  in  the  aircraft  is  expected  to  reduce 
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last  minute  changes  resulting  from  airframe  variations.  These  applications  will  in  turn  reduce  the 
amount  of  lost  production  time,  retooling,  rework,  and  scrap  waste  incurred  during  manufacture 
and  installation.  Following  are  some  specific  examples  of  uses  of  SLA  in  the  design  process. 

3. 1  INCREASING  CUSTOMER  INVOLVEMENT  IN  DESIGN 

3.1.1  Aesthetic  Review 

One  of  the  first  uses  of  SLA  was  in  producing  models  of  artistic  complex-curved  surfaces 
used  in  luxury  interiors  prior  to  producing  part  drawings  or  beginning  design  work  on  many 
interfacing  components.  These  models  were  reviewed  with  the  customer,  who  determined  that 
the  initial  design  needed  to  be  changed.  Without  rapid  prototyping,  these  design  changes  would 
not  have  been  made  until  much  later,  and  possibly  not  until  the  parts  had  been  fabricated  and 
significant  design  had  been  done  on  interfacing  parts,  resulting  in  additional  design  changes. 

SLA  models  have  become  common  elements  of  customer  reviews,  beginning  with  the  earliest 
stages  of  the  design  process. 

3.1.2  Functional  Reviews 

SLA  models  were  made  of  electronic  control  panels  to  demonstrate  proposed  Air  Force  C- 
141  transport  cockpit  upgrades.  The  panels  were  approximately  5”  x  3”  and  showed  the 
expected  configurations  of  meters  and  switches.  The  SLA  panels  were  assembled  into  an  on-site 
cockpit  simulator,  allowing  Air  Force  customers,  including  pilots,  to  provide  specific  input  on 
changes  to  increase  ergonomics  and  functionality  of  the  new  cockpit  elements.  Previously,  only 
2-D  drawings  were  available  at  this  stage  in  the  design  process,  and  cockpit  mock-ups  were  only 
available  much  later. 

SLA  models  of  several  critical  parts  of  a  system  being  integrated  into  a  military  aircraft  were 
made  for  design  review  meetings  with  the  primary  contractor  and  Air  Force  representatives. 

Scale  models  were  reviewed  in  a  series  of  meetings  and  several  design  changes  were  made. 
Program  officials  estimated  that  without  the  SLA  models,  the  changes  would  not  have  been  made 
until  much  later  at  a  cost  of  about  $10,000  in  time  and  materials.  The  same  program  also 
produced  full-scale  SLA  models  of  lofted  contoured  panels  that  were  taken  to  the  aircraft  to 
confirm  existing  data  and  determine  fastener  locations.  The  SLA  models  used  in  this  program 
have  saved  many  times  their  expense  in  time  and  materials  by  avoiding  design  changes  later  in 
the  project. 

3.2  AIDING  THE  DESIGN  PROCESS 
3.2.1  Aiding  Design  Engineering 

Engineers  at  Raytheon-Waco  have  been  encouraged  to  use  SLA  models  to  better  visualize 
complicated  designs  and  confirm  that  the  design  will  meet  their  requirements.  Some  engineers 
have  had  models  made  of  small  parts  they  are  designing  so  that  they  could  take  them  to  the 
aircraft  to  confirm  form  and  fit  of  the  part  before  proceeding  with  additional  design  work.  These 
same  parts  are  then  available  to  other  engineers  considering  similar  designs,  or  designing  parts 
that  must  interface  with  the  modeled  parts. 

An  SLA  model  was  made  of  an  exit  duct  and  a  machined  fitting  for  a  galley  being  redesigned 
for  a  foreign  Head  of  State  aircraft.  The  fitting  was  a  Y-shape  with  complex  contoured  flanges. 
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The  model  was  used  by  the  design  engineers  and  the  customer  to  identify  interface  requirements 
and  recommend  design  changes  to  increase  manufacturability  and  serviceability.  The  exit  duct 
SLA  model  was  used  for  a  producibility  review,  and  will  become  a  washable  sand  mold  to  make 
a  fiberglass  part.  The  SLA  model  will  increase  the  manufacturability  of  the  part  and  allow  the 
manufacturer  to  decrease  the  lead-time  and  costs  associated  with  a  prototype  part. 

3.2.2  Verifying  Designs  with  SLA  Models 

In  order  to  verify  fit  with  existing  plumbing  interfaces  and  avoid  interference  with  other 
structures,  SLA  models  of  a  custom  plumbing  system  were  created  for  a  commercial  VIP 
lavatory  refurbishment.  The  SLA  models  were  installed  in  the  aircraft  and  revealed  interference 
problems  that  would  not  have  been  detected  until  much  more  costly  metal  parts  were  fabricated 
later  in  the  program.  New  models  of  design  changes  were  also  produced  to  verify  all  changes 
prior  to  creating  drawings.  These  models  will  also  be  available  for  other  engineers  to  use  to 
ensure  that  other  systems  properly  interface  or  avoid  interference  with  the  lavatory  plumbing 
fixtures.  It  is  expected  that  the  total  savings  from  using  plumbing  models  will  involve  reduced 
engineering  changes  late  in  the  project,  fewer  rejected  parts,  easier  installation  into  the  aircraft, 
and  less  engineering  time  required  throughout  the  project. 

A  military  program  produced  SLA  models  of  a  duct  manifold  and  air  delivery  plenum 
interfaces.  The  manifold  model  was  used  to  ensure  conformity  to  primary  aircraft  structure 
before  fabrication  of  the  high  cost,  long  lead-time  item.  The  SLA  plenum  interfaces  were  made 
to  be  assembled  into  a  full-functioning  mock  up  in  the  systems  integration  laboratory.  The 
production  plenum  interfaces  were  critical  items  for  a  mock-up  that  was  needed  to  meet  contract 
schedules,  but  delivery  was  delayed  by  the  supplier  by  several  months.  The  SLA  plenum 
interfaces  were  made  in  under  a  week  and  have  been  successfully  installed  into  the  mock-up  that 
will  be  powered  up  and  shown  to  customers  at  a  subsequent  design  review. 

4.0  SLA  IN  FABRICATION 

Raytheon-Waco  has  used  rapid  prototyping  in  fabrication  in  a  variety  of  ways,  and  has  plans 
to  expand  current  capabilities.  The  most  common  direct  use  of  SLA  in  fabrication  is  in  tooling, 
although  there  are  some  indirect  uses  of  SLA  that  will  aid  manufacturers  in  visualizing  and 
understanding  parts  to  be  produced. 

4.1  CASTING 

SLA  models  have  been  used  as  tooling  for  investment  casting.  ACES2  (solid)  models  have 
been  used  as  a  master  pattern  for  creating  epoxy  tooling,  which  was  then  used  to  make 
expendable  wax  patterns  for  forming  the  investment  shell.  Quickcast3  (hollow)  models  have  also 
been  used  directly  as  expendable  patterns  in  creating  investment  shells  for  casting.  Both  methods 
have  proven  to  be  accurate,  reliable,  and  lower-cost  alternatives  to  machined  tooling  for  low- 
quantity  investment  casting.  Most  of  the  casting  applications  at  Raytheon-Waco  involve 
quantities  too  low  to  justify  machined  tooling  expense,  so  the  ability  to  reduce  tooling  cost 
through  SLA  is  a  significant  advantage.  It  is  also  estimated  that  cycle  times  are  reduced  by  at 
least  25%  compared  to  the  more  traditional  investment  casting  process. 
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ACES  models  have  also  been  used  as  tooling  for  precision  sand  casting.  Accurate,  scaled 
models  of  parts  have  been  used  in  place  of  machined  tooling  for  forming  precision  sand  molds, 
reducing  cost  and  time  for  tooling  by  an  order  of  magnitude.  The  final  castings  were  high 
quality,  with  no  noticeable  differences  due  to  RP  tooling.  Two  castings  for  use  in  wind  tunnel 
testing  were  produced  in  under  one  week  from  beginning  the  SLA  model  to  casting  delivery,  and 
the  pattern  is  available  for  making  more  parts  in  the  future  if  necessary. 

4.2  RAPID  TOOLING  FOR  INJECTION  MOLDING 

Raytheon-Waco  has  begun  working  with  a  plastics  vendor  to  produce  rapid  tooling  for  low- 
volume  injection  molding.  The  injection  molding  vendor’s  tooling  engineers  will  work  with 
Pro/E  part  models  to  design  the  mold  and  then  Raytheon-Waco  will  build  the  mold  with  the 
SLA-500.  Raytheon-Waco  has  also  interacted  with  tooling  vendors  to  produce  rapid  tooling  with 
SLS4  technology  for  higher  durability  molds.  Rapid  tooling  will  allow  Raytheon-Waco  to  afford 
to  purchase  very  low-quantity  injection  molded  parts  that  will  save  weight  and  be  cost- 
competitive  with  machined  aluminum  parts.  It  is  also  expected  that  rapid  tooling  will  reduce  the 
time  to  receive  injection  molded  parts  by  at  least  three  weeks  per  order. 

4.3  METAL  DEPOSITION  MASTER  TOOUNG 

The  first  significant  use  of  SLA  in  fabrication  was  in  producing  a  complex-shaped  lavatory 
sink  with  unique  cross-sections.  This  sink  was  too  deep  and  irregular  for  traditional  processes 
such  as  stamping  or  deep-drawing  to  be  reliable.  The  process  that  was  used  involved  making  a 
plaster  tool  from  a  SLA  master  pattern,  and  then  depositing  a  nickel  alloy  on  the  plaster  tool.  It 
is  estimated  that  this  process  saved  Raytheon-Waco  over  $140,000  for  a  single  aircraft,  in 
addition  to  the  likelihood  that  the  parts  would  not  have  been  delivered  within  the  required 
schedule  if  traditional  processes  had  been  used.  This  process  was  so  successful  that  it  has  been 
used  on  other  aircraft  for  similar  circumstances,  and  is  planned  for  other  such  instances  in  the 
future. 

4.4  COMPOSITE  PANEL  TOOUNG  AT  RAYTHEON-WACO  MANUFACTURING  FACILITY 
The  SLA  lab  is  working  with  the  Raytheon-Waco  composite  panel  fabrication  personnel  to 

develop  a  system  for  producing  tooling.  The  SLA  model  will  serve  as  tooling,  with  the 
composite  panel  built  directly  on  the  SLA  model,  or  for  parts  that  require  autoclaving  or  heating 
the  SLA  model  can  be  a  master  pattern  for  producing  plaster  tooling.  Traditionally,  this  type  of 
tooling  is  machined  metal,  so  the  potential  for  saving  time  and  cost  is  great. 

4.5  TEMPLATES  FOR  CABINETS  AND  TRIM 

SLA  templates  can  also  be  used  to  aid  fabrication  of  VIP  aircraft  components.  The  templates 
will  be  used  by  cabinet  makers  or  composite  panel  producers  in  forming  complicated  shapes,  and 
also  by  machine  shops  or  other  vendors  that  will  be  fabricating  parts  to  mate  with  the 
complicated  surfaces.  It  is  expected  that  templates  will  reduce  the  amount  of  rework  required  to 
achieve  quality  interfaces  for  complex  surfaces  that  require  manual  operations  to  produce. 

5.0  MODELS  USED  IN  TESTING 

The  most  significant  use  of  SLA  models  in  testing  has  been  for  specialized  pressure  taps  to 
measure  duct  manifold  static  pressure  while  experimenting  with  various  air  handling  system 
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configurations.  These  pressure  taps  are  small  tube-like  protrusions  with  a  round  base  that  had 
previously  been  made  out  of  aluminum  at  a  cost  of  approximately  $85  each.  The  SLA  pressure 
taps  were  produced  at  a  cost  of  $45  for  100,  allowing  higher  levels  of  stocking  to  reduce  the 
likelihood  of  a  program  having  to  wait  two  weeks  or  more  for  machined  parts  to  be  made.  The 
SLA  pressure  taps  were  designed  to  be  used  in  testing  of  air-conditioning  and  other  low- 
temperature  applications  due  to  the  sensitivity  of  the  SLA  resin  to  heat  and  humidity.  The  total 
program  savings  from  using  SLA  are  $8455  per  run. 

SLA  models  are  also  being  used  in  wind-tunnel  testing.  Scaled  models  of  designs  for  new 
under-wing  pods  for  Navy  aircraft  were  produced,  and  were  matched  to  existing  scale  aircraft 
models  to  test  the  impacts  on  flight  dynamics  from  the  addition  of  the  pods  to  the  aircraft.  The 
SLA  models  were  produced  in  far  less  time  and  significantly  cheaper  than  metal  castings  of  the 
same  design,  and  were  able  to  withstand  the  stresses  of  wind  tunnel  operation.  The  use  of  SLA 
models  in  the  wind  tunnel  is  expected  to  dramatically  increase  the  flexibility  and  reduce  the  cost 
of  wind  tunnel  testing  new  designs  for  aircraft  modifications. 

6.0  SUMMARY  OF  RAPID  PROTOTYPING  BENEFITS 

Raytheon-Waco  has  made  significant  use  of  the  SLA-500  in  the  five  months  it  has  been  on¬ 
site.  There  have  been  over  300  parts  made,  with  over  150  different  designs  for  at  least  twelve 
different  aircraft  programs.  Much  of  the  cost  and  time  savings  associated  with  using  SLA 
models  is  very  hard  to  reliably  quantify,  but  conservative  estimates  are  that  over  $350,000  has 
been  saved  through  finding  changes  and  problems  early,  reducing  fabrication  costs,  and  the 
reduced  cost  of  in-house  SLA  modeling  versus  service  bureau  costs.  There  have  also  been 
substantial  intangible  benefits,  such  as  increased  customer  involvement  early  in  the  design 
process  and  improved  engineering  designs  due  to  the  opportunity  to  visualize  designs  and  create 
models  that  can  be  fitted  into  assemblies.  The  largest  unquantified  benefit  from  on-site  SLA 
modeling  has  been  increasing  the  ability  of  Raytheon-Waco  to  meet  contract  schedules  through 
time  savings  in  design,  analysis,  and  manufacturing. 

7.0  CONCLUSION 

Raytheon-Waco  has  had  in-house  SLA  capability  since  Februaiy,  1996,  and  has  already 
realized  significant  benefits  from  rapid  prototyping.  These  have  taken  the  form  of  increased 
customer  input  early  in  the  design  process,  improved  engineering  designs  through  the  ability  to 
better  visualize  CAD  models,  and  decreased  fabrication  costs  for  a  variety  of  parts  and 
manufacturing  methods.  These  benefits  have  far  exceeded  the  original  expectations  in  both 
quantity  and  variety,  and  have  more  than  justified  the  acquisition  of  in-house  rapid  prototyping 
technology.  It  is  expected  that  rapid  prototyping  will  play  an  ever-increasing  role  in  Raytheon- 
Waco’ s  efforts  to  reduce  operating  costs,  compress  delivery  schedules,  and  enter  the  next  century 
as  one  of  the  world’s  premier  aircraft  modification  centers. 

FOOTNOTES: 

1.  Pro/Engineer  is  a  registered  trademark  of  Parametric  Technologies,  Corp.  (PTC) 

2.  ACES  is  a  trademark  of  3D  Systems 

3.  Quickcast  is  a  trademark  of  3D  Systems 

4.  SLS  is  Selective  Laser  Sintering,  a  registered  trademark  of  DTM  Corp. 
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ABSTRACT 

The  StereoLithography  (SL)  process  has  benefited  from  many  advances  in  the  last  four  to 
five  years.  These  include  new  resins  with  reduced  shrinkage  and  curl  distortion,  enhanced 
software,  and  improved  scanning  techniques.  One  can  produce  highly  accurate  parts  for  most 
dimensions  within  a  few  mils  of  the  design  value  as  shown  in  numerous  accuracy  and 
benchmarking  studies.  SLA  systems  use  a  laser  beam  focused  to  a  spot  size  of  200  -250  pm. 
This  limits  the  range  of  applications  where  SL  can  provide  accurate  models  to  parts  which  do  not 
contain  very  small  features  i.e.  wall  thickness  values  less  than  about  300  pm.  Industries  that 
manufacture  products  involving  components  with  small  features  include  electronics  and  medical. 

In  this  presentation  we  describe  an  extension  of  the  SL  technology  to  applications 
involving  small  features.  This  capability  is  achieved  by  reducing  the  laser  focal  spot  size  in  an 
SLA-250  to  75  pm.  The  technological  principle  behind  the  spot  size  reduction  is  described  in 
the  presentation,  together  with  process  issues  and  applications  of  the  technology. 


1.  INTRODUCTION 

Common  applications  of  Rapid  Prototyping  and  Manufacturing  (RP&M)  are  in  the 
automotive  and  consumer  electronics  industries.  Typical  models  build  by  RP&M  techniques  are 
from  a  few  centimeters  to  half  a  meter  in  all  three  dimensions  [1,2],  Even  if  these  applications 
often  require  parts  to  be  accurate  within  0.1  mm  or  better  of  its  design  dimensions,  they  do  not 
usually  have  features  with  dimensions  in  the  tenth  of  a  millimeter  scale.  Thus  most  of  the 
RP&M  techniques  have  not  been  developed  to  be  capable  of  100  micron  or  better  resolution. 
However,  there  are  many  applications  of  RP&M  in  the  electronics  and  medical  industries  which 
would  require  less  than  two  hundred  micron  resolution.  One  example  is  electronic  circuit  board 
connectors  that  can  have  pin  densities  as  high  as  2  pins  per  millimeters. 

This  paper  describes  an  extension  of  a  commercial  StereoLithography  Apparatus  (SLA) 
to  applications  requiring  about  100  micron  resolution.  A  specialized  unit  for  ultra  high 
resolution  (about  10  micron)  is  described  in  Ref.  [3],  In  section  2  we  discuss  what  is  required 
from  an  RP&M  system  to  achieve  a  certain  resolution.  Section  3  describes  how  the  resolution  of 
laser  based  RP&M  is  controlled  by  diffraction.  Some  properties  of  3D  Systems 
Stereolithography  Apparatus,  SLA-250,  are  presented  in  the  following  section  together  with  a 
solution  for  increased  resolution.  The  performance  of  the  high  resolution  SLA  is  characterized 
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using  a  generic  connector  test  part  as  described  in  Section  5.  Some  real  world  applications  are 
shown  in  the  following  section. 


2.  RP&M  EQUIPMENT  RESOLUTION 

All  the  various  RP&M  systems  build  3  dimensional  parts  in  layers.  The  resolution  in  the 
direction  normal  to  the  layers  (defined  here  as  the  z  direction)  is  limited  by  the  layer  thickness. 
The  resolution  in  the  plane  of  the  layers  (pc-y  plane)  depends  on  the  method  used  to  define  the 
borders  of  each  layer.  In  RP&M  systems  which  use  lasers  to  shape  individual  layers,  the  laser 
spot  size  at  the  working  medium  is  one  of  the  main  factors  defining  resolution.  Figure  1  shows 
schematically  the  effect  of  the  spot  size  on  the  smallest  feature  that  can  be  built  by  two  different 
approaches.  In  the  case  where  a  laser  is  used  to  solidify  the  either  liquid  or  powder  into  the 
desired  shape  the  minimum  positive  feature  is  controlled  by  the  laser  spot  size  (Fig.  1(a)).  If  the 
laser  is  used  to  remove  material  around  the  part  the  spot  size  controls  the  minimum  negative 
feature  (Fig.  1(b)).  Because  useful  parts  contain  both  positive  and  negative  features  we  can  say 
that  the  resolution  is  essentially  limited  by  the  spot  size.  In  those  RP&M  methods  which  do  not 
use  lasers  the  circle  in  Fig.  1  can  be  thought  to  represent  the  droplet  size,  the  width  of  extruded 
material,  or  the  width  of  the  cutting  tool. 


0)  (b) 

Laser  Spot 


Smallest  negative  Laser  Spot 


Fig.  1.  Relation  between  the  smallest  features  that  can  be  build  and  the  laser  spot  size  for  laser 
based  RP&M  technologies  in  the  two  cases  where  laser  is  used  either  to  solidify  (a)  or 
remove  (b)  material. 
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Even  if  the  spot  size  in  Fig.  1  is  the  limiting  factor  for  system  resolution  it  is  not  the  only 
factor  affecting  the  x-y  resolution.  There  are  number  of  other  effects  which  have  to  be  taken  into 
account:  1)  The  solidification  process  can  extend  beyond  the  photoiniation  point.  2)  The  effect 
of  heating  can  extend  beyond  the  spot  size  in  both  sintering  and  cutting.  3)  The  particle  size  and 
the  size  of  nonuniformities  in  the  raw  material  affect  the  resolution.  4)  The  small  features  have  to 
be  sufficiently  strong  to  survive  the  process  as  well  as  their  own  weight.  The  aim  of  this  paper  is 
to  demonstrate  that  the  laser  spot  size  is  the  main  factor  defining  the  resolution  of  SL,  and 
features  as  small  as  100  pm  can  be  built  using  SL,  when  the  spot  size  is  reduced  to  75  pm. 


3.  LASER  SPOT  SIZE 

The  physical  principle  which  controls  the  spot  size  at  the  working  surface  of  an  RP&M 
system  is  diffraction.  It  relates  the  spot  radius  W0  at  the  working  surface,  (measured  at  1/e2  of 
the  peak  intensity),  to  the  laser  wavelength  A ,  the  distance /  from  the  working  surface  to  the  last 
optical  element,  the  diameter  D  of  the  beam  at  that  element,  and  the  laser  beam  quality 
characterized  by  the  mode  purity  parameter  M 2 .  The  relation  can  be  written  as: 

W0  =  m2  (1) 

u  2  D 

where  the  numerical  value  of  the  coefficient  C  depends  on  the  exact  definition  of  the  quantities 
given  above,  as  well  as  the  precise  mode  shape[4,5].  However,  for  the  present  purpose  it  is 
sufficient  to  know  that  C  is  close  to  1.5. 

The  equation  (1)  clearly  demonstrates  the  benefits  of  short  wavelength  lasers  for  high 
resolution  RP&M  technology.  The  ultraviolet  lasers  used  in  stereolithography  have  a 
wavelength  A  from  0.32  -  0.36  pm,  about  1/30  of  the  wavelength  A,  10.6  pm,  of  the  carbon 
dioxide  laser  commonly  used  in  other  RP&M  techniques. 


4.  HIGH  RESOLUTION  SLA-250 

The  spot  diameter  2  W0  of  a  commercially  available  SLA-250  is  typically  200  -  250  pm. 
The  three  parameters  in  Eq.  (2)  which  we  can  use  to  reduce  the  laser  spot  diameter  in  an  SLA- 
250  are:  the  distance / from  resin  surface  to  the  scanning  mirror  (last  optical  element),  the  mirror 

diameter  D,  and  the  mode  purity  parameter  M2 .  Changing  either  the  size  of  the  scanning  mirrors 
to  allow  a  larger  beam  diameter  D,  or  the  distance  /  from  the  scanning  mirrors  to  the  resin 
surface,  would  involve  a  significant  hardware  development  program.  The  mode  purity  parameter 
M 2  of  an  HeCd  laser  used  in  SLA-250  is  typically  about  5.  It  can  be  reduced  to  about  1.5  (laser 
beam  clean-up)  with  a  rather  simple  optical  arrangement,  allowing  a  spot  diameter  2  W0  of  about 
75  pm  at  the  resin  surface. 

In  addition  to  the  reduction  of  the  spot  size,  the  laser  power  will  also  diminish  in  the  laser 
beam  clean-up  process.  The  reduction  of  laser  power,  far  from  being  a  negative,  is  actually 
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useful  in  order  to  preserve  drawing  accuracy  with  the  smaller  spot  size.  This  can  be  seen  from 
the  expression  for  the  laser  scanning  speed  Vs 

v’-£^-c*id')  <2) 

where  Ec  and  Dp  are  resin  parameters  (critical  exposure  and  penetration  depth,  respectively).  For 
constant  cure  depth  Cj,  the  laser  scanning  speed  Vs  is  proportional  to  the  ratio  of  the  laser  power 

Pi  and  the  spot  radius  W0.  Thus,  in  order  to  avoid  excessively  high  scanning  speeds,  the  laser 
power  should  be  reduced  in  proportion  with  the  spot  size.  In  some  cases,  even  further  reduction 
in  power  is  needed  for  accuracy.  Fig.  2  shows  experimentally  determined  laser  power  values  Pi 
available  at  different  spot  diameters  2W0  in  an  SLA-250  with  a  30  mW  HeCd  laser.  For  the 
studies  reported  here  we  chose  a  75  pm  spot  diameter  with  3  mW  of  laser  power. 


Spot  Size  in  SLA-250  with  HeCd  laser 


Spot  diameter  (microns) 


Fig.  2.  The  power  available  after  beam  clean-up  as  a  function  of  spot  size  from  a  typical  HeCd 
laser. 


5.  CONNECTOR  TEST  PART 
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e  have  designed  a  simple  connector  test  part  ( I  -FAR  1 )  tor  the  resolution  studies.  1  he 
test  part  has  three  sets  of  pins  with  pin  densities  of  1  pin/mm,  2  pins/mm,  and  3.3  pins/mm.  To 
our  knowledge,  the  1  pin/mm  density  is  typical  for  high  density  connector,  the  2  pins/mm  density 
range  of  the  highest  densities  commercially  available  at  present,  and  the  3.3  pins/mm 
density  is  close  to  the  highest  densities  expected  in  the  near  future. 

'e  have  built  many  of  the  test  parts  using  the  modified  high  resolution  SLA-250  (Small 
i).  Fig.  3  shows  a  microscope  photographs  of  all  3  sets  of  pins  of  one  T-PART  built 
using  the  Small  Spot  SLA.  Using  the  T-PART,  we  also  did  studies  of  the  width  the  solidified 

line  Lv,  as  a  function  of  the  specified  cure  depth  C#  Fig.  4  shows  the  results  as  compared  to  a 
simple  theory  of  cured  linewidth  (Eq.  4-40  in  Ref.  [1]) 

Lw  =  2W0j2Cd/Dp  (3) 
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pins/mm  pattern  in  the  T-PART  build  with  Small  Spot  SLA 


Small  WEAVE  build  style 


Fig.  4.  Experimentally  determined  line  width  Lw  as  a  function  of  the  border  cure  depth  Cj  in 
Small  Spot  SLA. 


Small  Spot  SLA  is  being  used  presently  by  five  companies:  One  of  these  is  applying  the 
technology  to  the  medical  field  in  developing  smaller  tools  for  less  invasive  surgery.  Another 
company  is  using  their  Small  Spot  SLA  in  the  electrical  connector  industry  as  described  above. 
The  other  organizations  are  applying  the  high  resolution  capability  in  many  different  fields  as  a 
internal  job  shop  for  a  multi-industry  company,  and  independent  service  bureaus.  There  are  also 
companies  using  other  approaches  to  reduce  the  spot  size  in  stereolithography  to  a  diameter 
between  1 00  pm  and  200  pm. 


7.  CONCLUSION 

We  demonstrate  in  this  paper  that  stereolithography  can  be  easily  extended  to  higher 
resolution  by  simply  reducing  the  spot  size  of  the  laser  on  the  working  surface  of  an  SLA  system. 
We  have  successfully  built  connector  test  parts  that  have  300  pm  pitch  (3.3  pins  per  mm). 
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Abstract 

A  technique  for  the  rapid  manufacture  of  ceramic  components  has  been  developed 
using  rapid  prototyping  to  generate  molds  for  the  required  components.  The  process 
entails  the  fabrication  of  fugitive  tooling  using  rapid  prototyping  techniques  from  which 
ceramic  articles  are  formed  using  gelcasting.  In  the  gelcasting  process,  the  mold  cavities 
are  filled  with  a  fluid  suspension  of  ceramic  powder  which  sets  to  a  solid  form  through 
the  polymerization  of  gelling  additives  and  application  of  heat.  The  mold  is  carefully 
removed  by  dissolution  or  heat  treatment  leaving  the  intact  gelcast  part.  The  “green” 
gelcast  part  is  subsequently  dried  and  sintered  to  full  density.  Computer  aided 
manufacturing  of  the  tooling  using  solid  freeform  fabrication  techniques  allows  for 
complex  shapes  to  be  manufactured  with  minimal  tooling  cost.  The  technique  is  ideal  for 
the  manufacture  of  ceramic  parts  in  small  batch  conditions  or  for  prototyping  of 
functional  parts  in  design  cycles.  Cost  and  time  reduction  of  a  magnitude  can  be 
achieved. 

Keywords:  Solid  Freeform  Fabrication,  Molds,  Gelcasting,  Ceramic  Processing, 
Structural  and  Functional  Ceramics. 


Introduction 

Solid  Freeform  Fabrication  (Rapid  Prototyping  /  Manufacturing)  is  fast  maturing 
into  a  means  for  the  manufacture  of  structurally  sound  functional  components.  Until 
recently,  only  plastic  and  polymeric  parts  have  been  manufactured  by  SFF  techniques. 
3D  Systems’  Stereolithography1,  the  earliest  of  the  techniques,  is  used  for  manufacturing 
plastic  parts.  Apart  from  design  purposes,  these  parts  are  used  as  investment  casting 
positives.  Structural  use  of  SLA  parts  is  limited.  Griffith  et  al2  have  used  ceramic 
suspensions  in  the  SLA  resin  bath  and  have  shown  some  progress  in  generating  ceramic 
parts. 


Extensive  work  has  been  reported  in  the  use  of  Selective  Laser  Sintering  (SLS)  by 
Bunnell  et  al 3  for  the  freeform  fabrication  of  metal  parts.  Cima  et  at  have  demonstrated 
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the  3  Dimensional  Printing  (3DP)  process  for  both,  metal  and  ceramic  parts.  Fused 
Deposition  of  Ceramics  (FDC),  based  on  Fused  Deposition  Modeling  (FDM™)  has  been 
shown  to  be  feasible  (Agarwala  et  al 5).  In  addition,  some  novel  technologies  that  are  in 
early  stages  of  development  (SALD,  by  Zong6  and  Marcus)  could  lead  to  the  manufacture 
of  structural  components. 

Indirect  methods  of  manufacturing  structural  components  using  solid  freeform 
fabrication  have  been  used  since  the  inception  of  these  techniques.  Part  positives  for 
investment  casting  can  be  made  by  almost  all  SFF  processes.  Investment  casting  wax 
parts  (Stratasys  Inc’s  FDM™  machines),  paper  parts  (Helisys  Inc’s  LOM™  machines), 
polymeric  parts  (Sanders-Prototype  Inc’s  MM-6PRO  Model  Maker™,  MIT’s  3DP 
machines)  and  photopolymeric  parts  (3D  Systems  Inc’s  SLA™  series  machines)  have 
been  utilized.  Ceramic  slurry  (usually  a  refractory  like  silica)  is  set  around  the  part 
positives  before  the  parts  are  melted  away  to  leave  a  cavity  for  casting. 

The  development  of  complex  shaped  ceramic  structural  components  and  devices 
is  severely  hampered  by  the  high  cost  of  ceramic  prototype  manufacturing  and  the 
overheads  of  short  production  runs.  Machining  of  sintered,  fully  dense  ceramic  articles  is 
extremely  hard,  time  consuming  and  expensive.  This  has  led  to  the  development  of 
many  net  shape  fabrication  techniques.  Injection  molding  and  slip  casting  are  two  of  these 
techniques.  Both  require  some  form  of  precision  tooling,  effectively  driving  up  cost. 

The  overall  cost  of  a  component  will,  in  most  cases,  be  driven  by  the  cost  of  the 
tool  fabrication.  Time  consuming  and  expensive  machining  operations  are  required  for 
tool  preparation.  The  necessity  of  this  tooling  also  precludes  the  use  of  iterative 
approaches  in  design,  since  changes  in  component  design  require  significantly  high  levels 
of  re-investment  in  time  and  capital.  For  injection  molding,  high  quality  water-cooled 
dies  are  required.  At  the  same  time,  these  need  to  be  rapidly  dis-assemble  to  eject  the 
part.  Very  large  cross-section  parts  also  cannot  be  manufactured  due  to  binder  burnout 
problems.  Complex  porous  tooling  is  required  for  slip  casting.  Variations  in  particle 
distribution  lead  to  warpage  and  an  inability  to  hold  tolerances. 

Rapid  Prototyped  Molding  for  Gelcasting 

Ceramic  gelcasting  is  a  process  whereby  a  ceramic  slurry  containing  appropriate 
monomers  is  poured  into  a  tool  and  then  “gelled”  through  a  catalyzed  reaction.  This 
gelation  polymerizes  the  monomer  resulting  in  a  relatively  rigid  solid.  Metal  and  ceramic 
particles  in  the  suspension  can  be  gelled  in  this  manner.  Low  cost  multi-part  metal 
(aluminum)  tooling  is  used  for  ceramic  gelcasting.  While  this  works  for  relatively  simply 
shaped  parts,  for  complex  parts,  fugitive  tools  or  molds  which  are  removed  by  dissolution 
can  be  used.  Gelcast  tooling  must  have  several  key  features.  The  tool  must  be  stable  at 
the  temperatures  required  for  gelling  (40  to  60  C).  In  addition,  the  tool  must  be 
structurally  sound  to  support  the  ceramic  suspension  during  the  gelling  process. 
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RP  Fugitive  Tooling 


Figure  1.  Process  for  fabrication  of  Fugitive  Tooling 


The  fabrication  of  conventional  fugitive  tooling  is  a  very  labor  intensive  process 
with  long  lead  times.  Figure  1  shows  how  the  fabrication  of  fugitive  tooling  can  be 
significantly  simplified  through  the  use  of  solid  freeform  fabrication  techniques.  Using  a 
large  ceramic  turbine  nozzle  doublet  component  (Figure  3)  as  an  example,  the  cost 
savings  of  using  rapid  prototyped  fugitive  tooling  was  examined  (Tables  1  &  2).  The 
results  show  that  significant  time  and  cost  savings  can  be  realized  for  both  the  production 
of  the  initial  part  and  subsequent  components. 

Mold  design  is  a  relatively  mature  area  of  work.  Rapid  prototyping  procedures 
provide  an  efficient  means  of  manufacturing  molds  directly  from  the  envisioned  CAD 
models.  Minimal  tooling  investment  is  required,  apart  from  the  prototyping  machinery 
itself.  Complex  shapes  with  non-extractable  surfaces  and  blind  holes  can  be  designed 
with  ease.  The  direct  fabrication  of  fugitive  tooling  from  a  CAD  file  significantly  reduces 
the  time  and  cost  of  fabricating  complex  net  shape  ceramic  components  by  eliminating 
excessive  machining.  The  additional  benefit  is  that  changes  in  the  component  design  can 
be  easily  accommodated  without  additional  capital  equipment  investments.  The  details  of 
fabricating  gelcast  tooling  using  rapid  manufacturing  techniques  and  using  that  tooling 
for  ceramic  gelcasting,  shown  schematically  in  Figure  2,  is  described  below. 

1.  The  CAD  model  of  the  component  is  scaled  up  to  allow  for  shrinkage. 

2.  A  mold  is  designed  for  the  component  with  the  following  features  - 

•  Part  orientation  for  minimal  mold  overhangs  and  elimination  of  air  pockets. 
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•  A  solid  lining  for  the  mold  cavity,  created  by  conformally  offsetting  the 
component  surface  and  building  a  part  “perimeter.” 

•  A  honeycombed  mold  support  structure  behind  the  mold  cavity.  The 
honeycomb  structure  increases  the  ratio  of  surface  area  to  volume  of  the  mold 
material  and  results  in  more  efficient  dissolution. 

•  Add  appropriate  reservoirs,  gatings  and  risers  for  easy  filling  of  the  slurry. 

3.  If  a  mold  design  has  large  overhangs  or  sections  in  which  support  structures  are  hard 
to  remove,  multi-part  molds  are  built  and  assembled  using  appropriate  adhesives. 
Locating  holes  are  built  into  the  mold  to  enable  accurate  alignment  of  the  parts. 

4.  Support  structures  are  added  as  required.  These  are  preferably  of  materials  dissimilar 
to  the  part  material. 

5.  The  molds  are  built  on  the  appropriate  RP  platform  of  acetonitrile  butadiene  styrene 
(ABS)  or  investment  casting  waxes. 

6.  Molds  are  tested  for  integrity  by  filling  with  water  and  holding  for  a  period  of  time. 

7.  The  ceramic  gelcasting  slurry  is  poured  into  the  cavity  of  the  mold  so  that  all  air 
pockets  are  removed. 

8.  Gelation  is  then  achieved  by  elevating  the  temperature. 

9.  The  entire  assembly  is  immersed  in  a  bath  of  solvent  (acetone,  alcohol,  toluene)  and 
the  mold  is  dissolved.  In  the  case  of  wax,  elevated  temperatures  can  be  used  to  melt 
away  the  mold. 

10.  The  formed  ceramic  component  that  is  left  behind  is  dried  and  sintered. 


(a)  CAD  (b)  Processing  (c)  Mold  (d)  Final  Part 

Figure  2:  Schematic  of  the  Gelcasting  Process  for  a  Ceramic  Turbine  Blade. 

The  cost  advantages  of  this  technique  are  manifest  in  the  following:  (a)  Minimal 
machining  is  required  in  the  fabrication  of  a  complex  ceramic  component,  (b)  Rapid 
generation  of  molds  with  varying  component  parameters  enables  quick  turnaround  in 
iterative  part  design,  (c)  Defects  and  part  rejection  caused  by  problems  with  mold 
disassembly  are  minimized,  (d)  Doing  away  with  physical  means  of  removal  ensures  that 
thin  sections  and  delicate  protrusions  can  be  manufactured. 

Example 

To  demonstrate  the  feasibility  of  using  rapid  prototyped  fugitive  tooling  to  fabricate 
complex  ceramic  components  the  entire  process  was  exercised  on  a  ceramic  turbine 
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nozzle  doublet  based  on  a  metal  nozzle  design  used  on  the  Pegasus0  engine.  A  CAD  file 
was  developed  by  reverse  engineering  a  full  size  metal  component  using  CAT  scanning 
techniques.  This  file  was  used  to  prepare  a  fugitive  tool  using  the  procedure  described 
above.  Several  tools  were  produced  and  parts  were  gelcast  using  AS S00  silicon  nitride. 
The  parts  were  dried  and  sintered  to  high  density.  Figure  3,  shows  a  turbine  nozzle 
doublet  tool  fabricated  using  a  Stratasys  FDM1600™  and  silicon  nitride  gelcast  part  that 
was  cast  in  an  RP  tool. 


Figure  3:  Fugitive  Tooling  and  a  Ceramic  Gelcast  of  a  Doublet 


Future  directions  in  the  development  of  RP  fugitive  tooling.  While  the 
feasibility  of  using  RP  tooling  for  gelcasting  ceramic  articles  has  been  demonstrated  the 
true  cost  savings  of  using  this  approach  will  not  be  realized  until  significant  experience  in 
handling  this  process  is  obtained.  In  particular,  the  ability  to  obtain  a  crack  free  part  on 
the  first  iteration  is  highly  dependent  on  mold  design.  Issues  with  eliminating  designs 
which  trap  air  and  excessive  mold  material  on  certain  parts  of  the  tool  need  to  be 
addressed.  Work  on  the  development  of  more  suitable  fugitive  tool  materials  will  also 
help  move  this  technology  forward.  Surface  finish  issues  which  are  relevant  to  most 
layered  manufacturing  techniques  will  also  need  to  be  resolved. 

Conclusions 

By  combining  the  processes  of  rapid  prototyping  to  fabricate  tooling  and  ceramic 
gelcasting  to  fabricate  parts,  a  means  of  manufacturing  ceramic  components  in  a  rapid 
and  inexpensive  manner  has  been  developed.  Complex  shaped  parts  that  are  hard  to 
machine,  slip  cast  or  injection  mold  can  be  manufactured  by  this  method.  The  cost 

“  Rolls  Royce  engine  component,  supplied  by  the  Office  of  Naval  Research. 
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benefits  are  realized  by  time  savings  by  eliminating  costly  tool  machining  procedures. 
The  technique  enables  the  use  of  iterative  design  and  the  fabrication  of  parts  with  unique 
structures  (complex  protrusions,  thin  sections). 
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Table  2.  Cost  Analysis  for  the  Fabrication  of  Standard  Wax  Tooling  for  Gelcasting  the  Ceramic  Turbine  Nozzle  Doublet 


Rapid  Prototyping  of  Mg/SiC  Composites  by  a  Combined  SLS 
and  Pressureless  Infiltration  Process 

Martin  Wohlert  and  David  Bourell 
Center  for  Materials  Science  and  Engineering 
The  University  of  Texas  at  Austin 
Austin,  TX  78712 

Introduction 

The  expanding  market  for  metal  matrix  composites  (MMCs)  presents  a  unique  niche  application  for 
rapid  prototyping  /  manufacturing.  MMCs  are  well  suited  to  RP  for  two  reasons.  First,  these 
relatively  new  high  performance  materials  are  largely  used  in  high  cost,  low  production 
applications  which  are  easily  accommodated  by  RP  techniques.  Second,  the  hard  and  brittle 
ceramic  reinforcement  phases  used  in  MMCs  add  cost  and  complexity  to  traditional  production 
methods.  Special  tools  or  processes  are  required  to  machine  these  materials,  and  the  cost  and 
design  limitations  imposed  by  the  production  of  a  mold  limit  the  competitiveness  of  casting  [1,2]. 
In  comparison,  the  additive  nature  of  Selective  Laser  Sintering  (SLS)  avoids  the  problems 
associated  with  machining  of  the  ceramic  phase,  and  the  wide  range  of  geometries  which  can  be 
produced  ensures  the  versatility  of  the  process. 


The  new  RP  process  consists  of  three  steps:  the  production  of  a  porous  ceramic  preform  by  SLS  of 
polymer  coated  powder,  a  polymer  debinding  /  firing  cycle,  and  the  infiltration  of  the  metal  matrix 
into  the  preform.  A  schematic  of  these  steps  is  shown  if  Figure  1. 


Figure  1.  Schematic  showing  the  three  steps  of  the  new  production  process. 
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The  production  of  a  porous  ceramic  preform  by  SLS  is  central  to  the  new  process.  The  part 
geometry  is  established  at  this  stage  and  will  remain  unchanged  throughout  the  remaining 
processing  steps.  The  production  of  the  preforms  did  not  pose  any  substantial  problems;  however, 
the  use  of  a  new  proprietary  polymer  binder  formulation  did  prompt  a  series  of  short  investigations 
to  establish  the  optimal  coating  thickness  and  scanning  parameters  to  provide  maximum  density 
and  strength.  It  was  established  that  a  4.5  wt%  polymer  coating  and  fluence  of  approximately  4 
cal/cm2  provided  optimal  properties  [3].  The  density  of  the  preforms  was  typically  40  vol%.  The 
production  of  higher  density  preforms  was  prevented  by  the  poor  packing  behavior  exhibited  by 
the  angular  SiC  particles.  Use  of  a  bimodal  particle  size  distribution  or  the  availability  of  more 
spherical  particles  should  substantially  increase  this  value.  A  micrograph  of  the  fracture  surface  of 
a  scanned  preform  is  shown  in  Figure  2.  The  average  particle  size  is  50  Jim  (280  mesh). 
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Figure  2.  Scanning  electron  micrograph  of  a  preform  fracture  surface  transverse  to  the  build 
direction. 

The  selection  of  SiC  as  the  ceramic  reinforcement  phase  was  based  on  its  wide  availability  and  its 
high  thermal  conductivity,  which  makes  it  useful  in  electronics  packaging  applications  (discussed 
later).  •  In  theory,  any  ceramic  reinforcement  phase  can  be  selected  which  is  available  in  powdered 
form,  compatible  with  the  polymer  binder,  and  stable  under  the  laser  beam.  Previous  work  done 
with  alumina  suggests  that  it  would  be  a  suitable  alternative. 
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surface  of  the  SiC  must  be  removed.  This  is  accomplished  by  heating  the  preform  to  400  °C  in  air. 
At  this  temperature,  the  polymer  is  volatilized  and  leaves  the  surface  as  a  vapor.  The  preforms  are 
now  quite  fragile,  and  further  handling  or  attempts  at  infiltration  typically  result  in  damage  to  the 
preform.  The  addition  of  a  firing  step  greatly  improves  the  strength  and  handleability  of  the 
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preforms.  By  holding  the  preforms  at  1100  °C  for  2  hours,  a  thin  layer  of  the  SiC  is  converted  to 
SiC>2.  The  formation  of  the  silica  layer  allows  light  bonding  between  the  individual  particles; 
however,  no  real  sintering  or  densification  of  the  preform  occurs  at  this  stage.  Sintering  of  the  SiC 
directly  was  not  attempted  because  of  the  high  temperature  and  inert  atmosphere  which  are 
required.  Even  with  the  addition  of  boron  and  free  carbon  as  sintering  aids,  processing 
temperatures  of  2150  °C  are  typically  used  during  commercial  processing  of  SiC  powders  [4], 
Such  processing  conditions  would  have  added  substantially  to  the  cost  of  the  production  process. 
Future  work  may  be  directed  toward  the  elimination  of  the  polymer  debinding  and  perform 
oxidation  step  by  directly  sintering  the  SiC  under  the  laser  beam.  Preliminary  experiments  have 
indicated  that  such  processing  is  possible. 

Pressureless  Infiltration 

Infiltration  of  the  porous  preforms  with  the  metallic  matrix  is  the  final  step  in  the  production 
process.  This  process  is  not  as  readily  achieved  with  a  metal-ceramic  material  system  as  it  is 
with  the  more  common  metal-metal  systems  such  as  the  iron-copper  and  copper-solder  systems 
used  in  other  RP  processes.  The  obstacles  associated  with  this  process  are  due  to  the  relative 
surface  energies  required  to  drive  the  infiltration  process.  In  a  spontaneous  or  pressureless 
infiltration  process,  the  surface  tension  of  the  liquid  infiltrant  must  be  lower  than  the  surface 
energy  of  the  solid  matrix.  Because  the  surface  energies  of  ceramic  materials  tend  to  be  quite 
low,  this  situation  rarely  occurs.  As  the  table  below  shows,  the  surface  energies  of  typical 
ceramics  are  lower  than  the  surface  tensions  of  common  metals  and  alloys. 

Surface  Energies  of  Common  Alloys  and  Ceramic  Materials  [5-8]. 


Material  Temperature  (°C)  Surface  Energy  (mN/m) 


Pld) 

1770 

1865 

Fe0) 

1120 

1835 

Cu(i) 

1120 

1270 

Al(i) 

660 

914 

Mg-8Al<i) 

600 

571 

SiC(S) 

RT 

3800 

TiC(S) 

1100 

1190 

Al203(s) 

1850 

905 

Zr02(S) 

RT 

770 

Si02(S) 

1300 

310 

For  the  magnesium-SiC  material  system  which  we  are  considering,  the  values  shown  in  the  table 
suggest  that  infiltration  should  not  be  difficult  because  of  the  relatively  high  surface  energy  of  SiC. 
This  high  value  is  misleading.  The  surface  energy  for  SiC  listed  in  the  table  was  established  for  a 
perfectly  clean  surface  of  SiC  at  room  temperature.  The  exposed  surfaces  of  most  SiC,  including 
the  particles  in  the  preform,  are  no  longer  SiC,  instead  they  have  formed  a  surface  layer  of  SiC>2. 
As  can  be  seen,  the  surface  energy  of  silica  is  among  the  lowest  of  the  common  ceramic  materials. 
It  is  the  surface  layer  of  silica  which  effectively  prevents  the  infiltration  of  most  alloys. 

Because  of  the  unfavorable  surface  energies  of  these  materials,  processes  such  as  squeeze  casting 
have  been  developed  which  use  an  externally  applied  pressure  to  overcome  the  surface  energy 
considerations  and  force  the  liquid  into  the  matrix.  Such  a  process  is  not  suitable  for  this 
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application  because  it  requires  the  production  of  a  mold.  An  alternative  approach  to  pressure 
infiltration  is  the  incorporation  of  a  reactive  species  such  as  magnesium,  lithium,  or  titanium  into 
the  infiltrant  alloy  [9-11].  It  has  been  shown  that  the  presence  of  these  elements  promotes  wetting. 
Sessile  drop  experiments  with  SiC  and  aluminum  have  recorded  a  change  in  contact  angle  from 
112°  to  83°  with  the  addition  of  5  wt%  Mg  to  the  aluminum  [9].  It  has  been  proposed  that  the 
change  in  wetting  behavior  is  due  to  reactions  between  the  magnesium  and  the  oxide  layer  present 
on  the  surface  of  the  SiC  [12].  The  Al-Mg-0  and  Mg-Si-0  ternary  phase  diagrams  are  shown  in 
Figure  3.  As  can  be  seen,  the  system  is  fairly  complex  with  many  possible  stable  phases. 
Fosterite  (Mg2Si04>,  Spinel  (MgA^),  and  Mullite  (3AI2O3  •  SiC>2)  were  suggested  as  the  most 
likely  reaction  products.  The  exact  nature  of  the  reaction  at  the  interface  has  not  been  definitively 
established,  but  the  experimental  evidence  for  superior  wetting  behavior  provided  by  magnesium 
suggested  that  a  magnesium  based  alloy  would  make  a  suitable  infiltrant.  For  the  infiltration 
experiments,  a  common  die  casting  alloy  AZ91D  was  selected.  Aside  from  its  ability  to  wet  the 
SiC,  this  alloy  provides  low  weight  and  high  thermal  conductivity. 


Figure  3.  Phase  diagrams  for  the  Mg-Si-0  and  Al-Mg-0  systems  [13,14]. 

Infiltration  Experiments 

To  prevent  oxidation  of  the  preform  and  infiltrant  alloy,  the  infiltration  process  must  be  performed 
in  a  controlled  atmosphere.  A  sealed  retort  capable  of  being  evacuated  and  backfilled  with  inert  gas 
was  required  for  successful  infiltration.  A  purge  cycle  consisting  of  evacuation  to  approximately 
100  mTorr  followed  by  a  backfill  with  inert  gas  to  atmospheric  pressure  was  repeated  twice  before 
the  heating  cycle  was  begun.  The  purge  gas  was  allowed  to  flow  through  the  retort  during  the 
entire  experiment  The  gas  was  vented  through  an  oil  trap  which  provided  a  slight  positive 
pressure  in  the  retort.  Strips  of  the  infiltrant  alloy  approximately  3  mm  thick  were  placed  directly 
on  top  of  the  SiC  preforms.  This  arrangement  ensured  the  shortest  infiltration  distance  for  the  part 
geometry  used  in  these  experiments.  A  steel  substrate  was  used  to  support  the  preform  and 
prevent  reactions  between  the  magnesium  alloy  and  the  retort  A  schematic  of  the  experimental  set 
up  is  labeled  as  Step  3  in  Figure  1.  Following  the  purging  of  the  retort  atmosphere,  the  process 
cycle  consisted  of  a  one  hour  ramp  to  the  infiltration  temperature,  a  one  hour  hold,  and  a  slow  cool 
to  room  temperature. 

Previous  research  conducted  by  Aghajanian  et  al,  indicated  that  a  nitrogen  based  atmosphere  is 
required  for  spontaneous  infiltration  [15,16].  The  preforms  manufactured  by  SLS  behaved 
similarly,  with  no  infiltration  occurring  in  helium  or  argon  atmospheres.  When  a  nitrogen 
atmosphere  was  used,  the  infiltration  proceeded  readily,  if  somewhat  slower  than  is  observed  with 
other  materials  systems.  A  processing  temperature  of  670  °C  was  sufficient  to  infiltrate  a  1  cm 
thick  preform  in  one  hour.  Typical  microstructures  are  shown  in  Figure  4.  As  can  be  seen,  the 
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matched.  For  this  application  a  CTE  equivalent  to  that  of  silicon  6.7  ppm/°C  is  required.  Because 
the  magnesium  alloy  has  a  relatively  high  CTE  (27.2  ppm/°C)  [17]  a  large  volume  fraction  of  SiC 
is  required  to  achieve  the  desired  value.  Theoretical  models  indicate  that  as  much  as  80  vol%  SiC 
may  be  required.  In  practice,  concentrations  of  SiC  somewhat  less  than  this  value  appear  to  be 
adequate  [18].  For  the  approximately  40  vol%  SiC  present  in  the  samples  produced  by  SLS, 
average  CTE  values  of  1 1.9  ppm/°C  were  obtained  with  TMA  testing.  It  was  noted  that  the  CTE 
values  were  similar  in  directions  parallel  and  transverse  to  the  SLS  build  direction,  which  was 
expected  based  on  the  uniform  microstructure. 

Clearly,  a  higher  volume  fraction  of  SiC  is  required  to  obtain  the  desired  CTE  value.  Due  to  time 
constraints,  the  production  of  preforms  with  a*bimodal  powder  size  distribution  was  not  possible; 
however,  a  similar  structure  was  produced  by  infiltrating  existing  preforms  with  additional  SiC.  A 
slurry  consisting  of  79.7  wt%  water,  20  wt%  1200  mesh  SiC,  and  0.3  wf%  sodium  dedocyl 
sulfate  (a  surfactant)  was  infiltrated  into  the  preforms.  The  preforms  were  then  processed  with  a 


The  addition  of  the  1200  mesh  powder  increased  the  volume  fraction  of  SIC  to  approximately 
48%,  The  increased  SiC  content  resulted  in  a  decrease  in  CTE  to  7.1  ppm/°C.  A  value  which 
closely  approaches  the  desired  6.7  ppm/°C.  The  presence  of  the  additional  SiC  provided  the  added 
benefit  of  improving  the  strength  and  handleability  of  the  preforms  after  the  firing  cycle.  The  one 
problem  associated  with  this  process  is  the  nonuniform  distribution  of  the  SiC.  As  can  be  seen  in 
the  micrographs  in  Figure  5,  the  smaller  SiC  tends  to  form  clusters  around  the  larger  particles. 
This  fact,  coupled  with  a  decreasing  concentration  gradient  away  from  the  surface  of  the  sample, 
led  to  occasional  warping  of  the  preforms  during  the  firing  stage.  This  problem  should  be 
alleviated  by  producing  the  preforms  directly  from  a  bimodal  particle  mixture. 


completely  infiltrated.  This  excess  material  collects  at  the  bottom  of  the  preform  along  the  surface 
of  the  substrate  such  that  it  would  occasionally  block  through  holes  in  the  parts.  The  presence  of 
Second,  holes  of  varying  dimensions  were  present  in  the  test  geometry  to  determine  if  over- 
infiltration  would  occur.  It  was  determined  that  the  surface  tension  effects  which  drive  the 
infiltration  process  are  quite  weak  and  close  particle  spacing  is  required  for  infiltration.  Holes  as 
small  as  2  mm  in  diameter  were  still  too  large  to  provide  a  sufficient  capillary  force  with  which  to 
draw  in  the  infiltrant  and  remained  uninfiltrated.  A  related  concern  is  the  small  amount  of  excess 
infiltrant  which  must  be  provided  in  any  infiltration  process  to  ensure  that  the  part  will  be 
completely  infiltrated.  This  excess  material  collects  at  the  bottom  of  the  preform  along  the  surface 
of  the  substrate  such  that  it  would  occasionally  block  through  holes  in  the  parts.  The  presence  of 
the  excess  magnesium  does  not  cause  substantial  difficulties  in  the  processing  of  the  parts  because 
it  is  very  easily  removed.  The  great  difference  in  hardness  between  the  excess  magnesium  alloy 
and  the  composite  part  allows  abrasive  bead  blasting  or  tumbling  processes  to  quickly  remove  the 
excess  material.  The  high  hardness  of  the  ceramic  phase  effectively  limits  any  additional  material 
removal  once  the  surface  of  the  composite  is  reached. 

The  third  concern  is  warping  or  large  scale  distortion  of  the  preform.  Warpage  was  observed  in 
some  of  the  test  pieces.  It  appears  that  the  infiltration  process  disrupts  the  light  bonding  which 
exists  between  the  SiC  particles.  The  weakened  structure  of  the  preform  tends  to  conform  to  the 
shape  of  the  substrate.  This  distortion  suggests  that  parts  with  overhanging  features  may  present 
problems  during  infiltration.  Two  possible  methods  to  alleviate  this  problem  include  packing  the 
preform  in  a  supporting  powder  bed  which  is  not  infiltrated  by  the  magnesium,  or  using  a  ceramic 
binding  agent  such  as  a  preceramic  polymer  [19]  which  can  be  decomposed  to  provide  a  SiC 
"glue"  to  hold  the  individual  particles  together. 

Conclusions 

A  process  has  been  established  for  the  rapid  manufacturing  of  MMCs  based  on  Selective  Laser 
Sintering.  Parts  with  complex  geometries,  containing  between  40  and  50  vol%  SiC  were 
successfully  produced.  The  low  thermal  expansion  and  high  thermal  conductivities  provided  by 
these  materials  may  make  them  suitable  for  applications  such  as  electronic  packaging.  Future  work 
on  this  process  will  focus  on  direct  SLS  processing  of  the  SiC  which  would  allow  the  removal  of 
the  polymer  binder  along  with  the  current  debinding  /  firing  stage.  Additionally,  the  incorporation 
of  a  ceramic  precursor  to  the  preform  may  provide  higher  SiC  content  and  improved  preform 
strength  and  stability  during  the  infiltration  process. 
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Abstract 

Hot  Isostatic  Pressing  (HIP)  of  high  performance  metal  parts  is  currently  done  using  either  a  shaped 
metal  container  or  a  pre-fabricated  ceramic  mold  depending  on  the  part  material  and  geometry.  An 
alternative  method  of  HIP  encapsulation  that  allows  complex  part  geometry,  short  cycle  time  and 
minimal  potential  for  container-powder  bed  interaction  is  desired.  Integral,  fully  dense  metal  skins 
with  complex  geometry  can  potentially  be  constructed  by  direct  selective  laser  sintering  (SLS).  The 
advantages  of  in-situ  HIP  encapsulation  by  direct  SLS  include  the  elimination  of  a  secondary  container 
material  and  any  associated  container-powder  bed  interaction,  reduced  pre-processing  time  and  a  short 
HIP  cycle.  Single  and  multi-layer  specimens  of  Inconel  625,  Ti-6A1-4V  and  17-4  PH  stainless  steel 
were  produced  by  direct  SLS.  Closed  porosity  in  Inconel  625  and  17-4  PH  stainless  steel  samples 
ranged  from  0  to  12%  and  area  porosity  from  0.5  to  20%,  depending  on  the  laser  energy  density. 
Direct  SLS  samples  of  Inconel  625  were  subjected  to  helium  leak  testing  and  found  to  be  impervious, 
with  a  leak  rate  less  than  lxlO-10  atm  cc/s.  These  samples  met  the  criteria  for  containerless  hot 
isostatic  pressing. 


OBJECTIVE 

An  in-situ  canning  technique  using  direct  selective  laser  sintering  (SLS)  is  being  developed 
for  hot  isostatic  pressing  (HIP)  of  high  performance  components.  The  process  developed  should 
be  an  integral  canning  technique  with  near  net  shape  capability  for  complex  parts  and  require 
minimal  processing  steps.  The  integral  can  must  be  leak  free  and  cannot  interact  adversely  with 
the  powder  bed.  The  process  should  not  be  limited  by  the  can  properties.  The  objective  of  this 
research  is  to  produce  highly  dense  skins  of  high  performance  metals  acceptable  for  containerless 
HEP.  Containerless  HEP  requires  an  outer  shell  with  a  helium  leak  rate1  of  less  than  10"9  std 
cc/sec. 

CONVENTIONAL  HIP  TECHNIQUES 
Shaped  Metal  Can 

Shaped  metal  cans  are  commonly  used  to  encapsulate  metal  powder  for  HEP.  They  are 
largely  made  of  low  carbon  steels,  stainless  steels,  titanium  and  titanium  alloys  based  on  the 
powder  to  be  processed  and  processing  conditions.  The  container  material  is  chosen  such  that 
minimal  interaction  occurs  between  the  container  and  the  powder  at  the  processing  temperature. 
Encapsulation  containers  are  processed  from  sheet  metal  using  standard  metal  working 
processes2.  Welded  joints  demand  special  attention,  as  they  are  a  common  point  of  failure  during 
the  HIP  cycle.  Container  fabrication  becomes  expensive  for  part  geometry  more  complex  than  a 
simple  cylinder,  thus  sheet  metal  encapsulation  is  limited  to  generally  simple  designs.  After  HIP, 
the  container  must  be  removed  by  either  machining  or  chemical  methods.  The  process  limits 
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imposed  by  the  properties  of  the  canning  material,  such  as  its  melting  temperature,  are  a 
drawback  to  the  shaped  metal  encapsulation  method. 

Ceramic  Mold  Process 

More  complex  shapes  are  typically  produced  using  the  ceramic  mold  process3.  This 
process  is  similar  to  investment  casting,  except  dry  powder  is  poured  into  a  ceramic  mold  instead 
of  molten  metal.  The  production  of  a  near  net  shape  is  advantageous  because  it  minimizes  scrap 
losses  and  machining  steps.  However,  outgassing  and  heating  cycles  are  long  during  this  process 
because  the  ceramic  mold  is  surrounded  by  a  large  volume  of  pressure  transmitting  medium^.  The 
long  cycle  time  and  pre-processing  steps  necessary  in  the  ceramic  mold  method  make  it  a  time 
consuming  and  expensive  process.  Non-metallic  contamination  is  also  a  possibility. 


SLS/HIP 

In  the  proposed  direct  SLS/HIP  process,  an  impermeable  high  density  skin  is  formed 
around  the  shape  of  a  complex  part  by  selective  laser  sintering.  The  interior  of  the  part  is  laser 
sintered  to  intermediate  density.  The  encapsulated  partially  sintered  part  is  evacuated,  sealed 
and  processed  by  HIP  to  full  density.  This  process  can  be  followed  by  final  machining,  if 
necessary.  Figure  1  shows  a  schematic  of  the  process. 


The  direct  SLS/HIP  method  has  several  advantages  over  conventional  HOP  methods.  Since 
an  integral  skin  is  produced,  the  subsequent  HIP  process  is  considered  containerless.  There  are 
no  secondary  canning  steps,  no  adverse  container-powder  reactions  and  no  container  removal 
steps.  A  long  out-gassing/heating  cycle  is  not  necessary.  SLS/HIP  allows  production  of  complex 
shapes  that  cannot  be  achieved  through  standard  sheet  metal  processing  for  a  reasonable  cost.  As 
in  the  ceramic  mold  method,  a  near  net  shape  is  produced,  minimizing  scrap  and  machining  steps. 
SLS/HIP  has  clear  advantages  over  both  the  shaped  metal  can  and  ceramic  mold  HIP  techniques. 

EXPERIMENTAL 

A  computer  controlled,  high  power  Nd:YAG  laser  was  used  to  process  metal  powders  by 
selective  laser  sintering.  Materials  used  in  screening  trials  included  spheroidized  Inconel  625 
(Anval  Corp.),  a  flaked  elemental  blend  of  Ti-6A1-4V  (Micron  Metals,  Inc.)  and  a  spheroidized 
17-4  PH  stainless  steel  powder  (Ametek  Corp.),  each  with  a  -325  mesh  particle  size. 

Laser  energy  density5  was  varied  between  1000  J/cm2  and  2500  J/cm 2  as  defined  by  the 
Andrew  number  equation. 


An  =— r(J/cm2) 
v-  o 


where 

P  is  the  incident  laser  power  (Watts) 
v  is  the  laser  scan  speed  (cm/s) 

8  is  the  scan  spacing  (cm) 

Samples  prepared  by  direct  SLS  were  cross-sectioned  and  prepared  for  optical  microscopy. 
Closed  porosity  measurements  were  made  using  an  AccuPyc  1330  gas  pycnometer  by  comparing 
measured  density  to  theoretical  density.  Area  porosity  was  calculated  from  the  optical 
micrographs. 

To  successfully  HOOP  an  object  to  full  density,  a  barrier  must  be  provided  to  prevent 
pressurized  gas  from  entering  the  porous  body.  Due  to  high  pressures  involved  in  HIP  (typically 
of  the  order  of  15  ksi),  openings  as  small  as  0.1  pm  can  produce  unacceptable  leak  rates.  Leak 
testing  is  commonly  performed  on  samples  prior  to  HIP  to  ensure  successful  compaction.  The 
impermeability  test  screening  and  procedure  for  integral  can  SLS  parts  is  based  on  the  Metals 
Handbook  article  on  containerless  HIP6.  As  a  general  guideline,  the  maximum  helium  leak  rate 
through  the  barrier  must  not  exceed  10*9  cc/s  at  atmospheric  pressure.  Such  a  low  leak  rate  is 
required  because  at  typical  HIP  pressures,  the  leak  rate  will  be  1000  times  greater  than  that  at 


91 


ambient  pressures.  Shown  below  is  a  schematic  of  the  leak  test  apparatus  used  to  test  laser 
sintered  Inconel  625  samples. 


(0.02  to  0.04  in.)  thick 

P/M  sample  To  helium  mass  spectrometer 

leak  detector/  vacuum  mode  operation 


Figure  2.  Leak  Testing  Apparatus 

RESULTS  AND  DISCUSSION 
Inconel  625 

Closed  porosity  on  the  Inconel  625  coupons  ranged  from  0%  to  10%.  Area  porosity 
measurements  ranged  from  4%  to  20%.  A  small  amount  of  closed  porosity  is  acceptable  in  the 
integral  skin  because  it  does  not  contribute  to  leakage  through  the  skin.  Micrographs  of  the 
samples  sintered  under  a  highly  inert  environment  are  shown  in  Figures  3  and  4.  The  energy 
density  used  to  sinter  the  sample  is  listed  in  the  caption. 

Leak  testing  showed  that  the  Inconel  625  specimens  are  impervious  to  helium,  with  a  leak 
rate  of  less  than  1  x  10-10  atm  cc/s.  This  leak  rate  is  an  order  of  magnitude  lower  than  that 
acceptable  for  containerless  hot  isostatic  pressing. 
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region  is  shown  in  Figure  5. 


Figure  5.  Ti-6A1-4V,  Energy  Density  =  1061  J/cm2, 1.8  mm  viewfield  100X 


17-4  PH  Stainless  Steel 

Closed  porosity  measurements  on  17-4  PH  SS  coupons  prepared  by  direct  SLS  ranged 
from  3.2%  to  12.2%.  Area  porosity  was  measured  as  0.9%  and  3.6%  for  a  band  across  the 
sample.  The  porosity  level  in  the  17-4  PH  samples  is  acceptable  for  the  production  of  an  integral 
skin  because  it  is  mostly  closed  porosity.  A  typical  micrograph  of  one  of  the  samples  is  shown 
in  Figure  6. 


Figure  6.  17-4  PH  SS,  Energy  Density  =  1045  J/cm2, 1.8  mm  viewfield,  100X 


The  micrograph  shows  that  several  scan  line  widths  of  material  flowed  together  to  form 
larger  bands.  These  bands  are  almost  fully  dense,  exhibiting  only  0.6%  area  porosity. 

CONCLUSIONS 

Preliminary  materials  screening  studies  to  date  on  Inconel  625,  Ti-6A1-4V  and  17-4  PH 
stainless  steel  indicate  the  feasibility  of  constructing  integral  HIP  containers  by  direct  SLS. 
Samples  of  Inconel  625  produced  by  direct  SLS  meet  the  leak  rate  requirements  for  containerless 
hot  isostatic  pressing.  Optical  micrographs  from  the  screening  trials  for  Inconel  625  and  17-4  PH 
stainless  steel  show  mostly  closed  porosity. 
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ABSTRACT 


Complex  three  dimensional  parts  can  be  manufactured  directly  from  CAD  data  using  rapid 
prototyping  processes.  SLS®  Selective  Laser  Sintering  is  a  rapid  prototyping  process  developed 
at  the  University  of  Texas  at  Austin  and  commercialized  by  DTM  Corporation.  SLS  parts  are 
constructed  layer  by  layer  from  powdered  materials  using  laser  energy  to  melt  CAD  specified  cross 
sections.  Polymer,  metal,  and  ceramic  powders  are  all  potential  candidate  materials  for  this 
process.  In  this  paper,  a  commercial  SLS  process  -  the  RapidTool  Process  -  which  allows  metal 
molds  to  be  rapidly  manufactured  is  described.  With  this  process,  a  polymer  coated  carbon  steel 
powder  is  used  to  fabricate  a  "green  part"  in  the  SLS  machine.  The  green  part  is  then  placed  in  a 
furnace  with  blocks  of  copper  and,  in  a  single  furnace  cycle,  the  polymer  coating  is  removed  and 
the  steel  skeleton  is  infiltrated  with  the  copper.  The  resulting  steel/copper  composite  material  has 
durability  and  thermal  conductivity  similar  to  aluminum  and  can  be  hand  finished  using  standard 
techniques.  A  finished  mold  core  and  cavity  set  which  can  be  used  to  mold  at  least  50,000  parts 
with  most  plastics  can  be  prepared  in  approximately  ten  days.  The  cost  to  produce  most  mold 
geometries  with  the  RapidTool  Process  is  also  competitive  with  traditional  mold-making  methods  . 

INTRODUCTION 


Since  1989,  when  the  first  stereolithography  [1]  machine  was  commercialized.  Rapid  Prototyping 
(RP)  has  been  used  primarily  to  produce  plastic  parts.  Improvements  to  the  materials  and  the 
processes  have  led  to  extensive  use  of  rapid  prototyping  in  a  number  of  applications  such  as 
concept  modeling,  functional  testing  and  patterns  for  investment  casting  and  soft  tooling. 

However,  one  of  the  drawbacks  of  RP  parts  especially  for  concept  modeling  and  functional  testing 
application  is  that  they  do  not  reflect  all  the  characteristics  of  the  final  production  parts.  First,  the 
range  of  materials  currently  available  is  limited  to  nylon,  nylon  /  glass  composites  [2],  Trueform™ 
PM  [3],  polycarbonate,  ABS  [4],  wax  and  photopolymers  based  on  acrylate  and  epoxy  chemistries 
Therefore,  the  user  is  limited  to  these  materials  even  though  the  production  parts  may  be  of  a 
different  material.  Second,  even  if  the  RP  material  is  acceptable,  RP  processes  may  not  reflect  all 
the  properties  of  production  processes.  For  instance,  injection  molding,  a  common  plastic  shaping 
process,  introduces  anisotropy  in  properties  due  to  material  flow  which  cannot  be  reproduced  in 
any  RP  process.  Therefore,  there  is  a  need  to  rapidly  manufacture  prototypes  or  small  scale 
production  parts  with  materials  and  properties  similar  to  that  of  production  parts. 

The  RapidTool  process  is  a  method  to  fabricate  near  net  shape  injection  molding  inserts  using  a 
combination  of  SLS  and  traditional  powder  metallurgy  techniques.  With  the  RapidTool  process, 
the  user  can  produce  prototype  plastic  parts  in  the  material  of  choice  with  the  characteristics  of 
injection  molded  parts. 
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OVERVIEW  OF  RAPIDTOOL  PROCESS 


Figure  1:  Process  flow  diagram  for  RapidTool  process 

The  various  steps  in  the  RapidTool  process  are  shown  in  Figure  1.  First,  polymer  coated  steel 
powder  is  processed  in  a  SLS  machine  (Sinterstation™  2000).  The  porous  parts  (commonly 
referred  to  as  “green”  parts)  produced  in  the  SLS  equipment  are  then  infiltrated  with  an  aqueous 
emulsion  of  a  polymer  and  a  hardener  and  dried.  The  parts  are  then  processed  in  a  furnace  to 
remove  the  organic  binder  and  impregnate  the  voids  with  copper. 

SLS  PROCESS 


The  strength  of  the  green  parts,  an  indication  of  the  handling  durability  in  the  green  stage,  is  an 
important  characteristic  when  choosing  the  material  system  and  the  SLS  process  conditions. 

The  green  strength  of  the  parts  depends  on  the  extent  of  polymer  to  polymer  bonding  as  reflected  in 
the  size  of  the  polymer  bonds  between  the  iron  particles  (Figure  2).  Green  strength  increases  with 
an  increase  in  either  the  total  laser  energy  delivered  to  the  powder  (defined  in  equation  1)  or  the 
binder  level  in  the  feed  material  [5].  However,  there  are  practical  limitations  to  both  variables. 
Excessive  laser  energy  causes  a  reduction  in  strength  due  to  thermal  degradation  of  the  binder.  In 
addition,  as  the  binder  level  in  the  feed  material  increases,  shrinkage  during  furnace  processing 
increases.  Therefore,  it  is  preferable  to  minimize  binder  content  in  the  feed  material. 


Laser  energy  (J/sq.  cm) 


Laser  power  (W) 

Scan  speed  (cm/s)  *  scan  spacing  (cm) 
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Figure  2:  Fracture  surface  of  green  part  showing  the  polymer  necks  between  the  iron  particles. 


The  second  important  attribute  of  a  green  part  is  its  density.  A  high  green  density  is  desirable  since 
shrinkage  and  distortion  during  the  furnace  cycle  increase  with  decreasing  part  density.  Although 
it  is  possible  to  compensate  for  the  shrinkage  in  the  SLS  process,  it  is  still  desirable  to  minimize 
distortion  by  maximizing  density.  The  green  density  of  the  parts  depends  on  the  packing  efficiency 
of  the  material  in  the  powder  bed.  Since  there  is  no  pressure  or  vibration  applied  during  the  SLS 
process,  the  packing  density  of  the  powder  in  the  bed  is  typically  between  its  apparent  density  and 
the  tap  density  values.  Packing  efficiency  depends  on  a  number  of  factors  including  particle  size, 
particle  size  distribution  and  particle  shape  [6],  Interparticular  friction  and  agglomeration  cause 
finer  particles  to  pack  less  efficiently  than  coarser  particles.  Similarly,  irregular  particles  do  not 
pack  as  efficiently  as  spherical  particles.  Hence,  large  spherical  particles  are  preferable  to  fine 
irregular  particles  for  efficient  packing.  However,  the  particle  size  sets  a  lower  limit  on  the  layer 
thickness  during  the  SLS  process. 


The  feed  material  for  the  selective  laser  sintering  process  is  spherical  steel  powder  (0.8%  carbon) 
coated  with  an  organic  binder.  The  binder  content  is  0.8%  by  weight.  The  mean  particle  size  is  55 
micron.  As  indicated  in  Table  1,  the  feed  material  has  a  narrow  particle  size  distribution.  The 
apparent  and  tap  densities  of  the  feed  material  are  also  shown  in  Table  1. 

Typical  SLS  processing  conditions  are  indicated  in  Table  2.  These  SLS  parameters  yield  green 
parts  with  the  highest  strength  while  maintaining  the  accuracy  of  the  green  parts.  The  strength  of 
the  green  parts  (3  point  bend  strength  standard  MPEF  B312)  under  the  optimum  conditions  shown 
in  Table  2  is  400  psi  (2  MPa).  The  density  of  the  parts  in  the  green  stage  is  4.3  gms/cc. 


Table  1  Particle  size  distribution  and  packing  densities  of  polymer  coated  steel  powder. 


dlO 

43  microns 

Particle  size  d50 

55  microns 

d90 

65  microns 

Particle  shape 

Spherical 

Apparent  packing  density 

4.1  gms/cc 

Tap  density 

4.3  gms/cc 

Table  2:  Optimum  SLS  processing  conditions 


Processing  Condition 

Value 

Laser  power 

30  W 

Scan  speed 

155  cm/s 

Distance  between  scans 

50  -  100  microns  (0.002’  -  0.004”) 

Layer  thickness 

125  -  250  microns  (0.005”  -  0.010”) 

Part  bed  temperature 

Room  temperature 

Feed  bed  temperature 

Room  temperature 

After  SLS  processing,  excess  powder  next  to  the  parts  is  brushed  away  using  fine  brushes  and 
compressed  air.  Since,  there  is  no  significant  change  in  the  properties  of  the  excess  powder  in  the 
build  volume,  it  can  be  reused  for  subsequent  builds. 

The  green  parts  are  infiltrated  with  an  aqueous  emulsion  of  a  polymer  and  a  hardener.  Infiltration 
occurs  by  capillary  action  when  the  parts  are  placed  in  the  emulsion.  After  infiltration,  the  parts  are 
dried  in  a  convection  oven  at  50°C.  After  drying,  the  polymer  and  hardener  react  to  form  a 
crosslinked  material. 

If  the  parts  from  the  SLS  machine  are  processed  in  a  furnace,  without  the  polymer  infiltration  step, 
they  would  exhibit  shrinkage  in  the  direction  of  gravity  due  to  a  “creep-like”  phenomenon.  Above 
the  glass  transition  point  of  the  binder,  the  polymer  coating  on  the  metal  powder  softens  allowing 
the  metal  particles  to  slide  past  each  other.  The  amount  of  settling  in  the  direction  of  gravity 
depends  on  the  height  of  the  features.  As  Figure  3  indicates,  the  uninfiltrated  parts  exhibit  linear 
shrinkage  varying  from  about  1.5%  to  4.5%  as  the  feature  height  varies  from  0.5”  (1.25  cm)  to 
2.0”  (5.0  cm).  Variable  shrinkages  cannot  be  easily  compensated  by  scaling  the  dimensions  of  the 
computer  model  used  in  the  SLS  process.  In  contrast,  the  crosslinked  material  in  the  polymer 
infiltrated  parts  does  not  soften  during  the  furnace  cycle.  Hence,  they  exhibit  a  uniform  linear 
shrinkage  of  2.5%  and  computer  model  can  be  scaled  to  compensate  for  it. 

FURNACE  PROCESSING 


After  the  polymer  infiltration  and  drying  stage,  the  parts  are  subjected  to  a  thermal  cycle  in  a  retort 
type  furnace.  The  various  stages  of  the  furnace  cycle  are  shown  in  a  time  -  temperature  plot 
(Figure  4).  Between  350°C  and  450°C,  the  organic  binder  is  removed  from  the  parts  by  thermal 
decomposition.  The  porous  nature  of  the  parts  helps  in  the  easy  removal  of  the  binder  without  any 
defects  such  as  blisters  or  cracks.  At  temperatures  above  750°C,  the  steel  particles  sinter  to 
develop  a  porous  skeleton.  The  steel  skeleton  has  to  be  strong  enough  to  withstand  capillary 
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forces  during  the  copper  infiltration  stage.  Therefore,  sintering  is  done  at  1000°C  for  8  hours. 
After  sintering,  the  furnace  temperature  is  increased  to  1 120°C.  At  this  temperature,  the  copper 
melts  and  infiltrates  the  part.  Since  liquid  copper  has  excellent  wetting  characteristics  with  respect 
to  iron  surfaces  (contact  angle  =0°)  [7],  infiltration  occurs  by  capillary  forces  and  no  external 
pressures  are  required.  A  reducing  atmosphere  ( 70%  nitrogen  -  30%  hydrogen)  is  maintained 
inside  the  furnace  to  ensure  reduction  of  iron  oxides  on  the  powder  prior  to  copper  infiltration. 
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Figure  3:  Vertical  shrinkage  of  features  with  varying  masses 


Figure  4:  Time  -  temperature  plot  for  the  furnace  treatment  of  green  metal  parts. 
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Parts  are  arranged  in  a  graphite  crucible  as  shown  in  Figure  5  and  then  placed  inside  the  furnace. 
Inside  the  crucible,  the  parts  are  laid  on  an  flat  alumina  plate.  The  alumina  plate  acts  as  a  barrier  for 
the  diffusion  of  carbon  from  the  crucible  into  the  parts.  In  addition,  the  ceramic  plate  minimizes 
distortion  in  the  parts  by  supporting  them  during  the  furnace  cycle. 

Infiltrant  grade  copper  pressed  into  pellets  is  used  for  infiltration.  The  copper  infiltrant  contains 
about  2  percent  by  weight  iron  which  prevents  part  erosion  due  to  dissolution  of  the  iron  matrix  in 
liquid  copper.  The  copper  pellets  are  placed  on  a  graphite  incline  about  0.25”  (6.4  mm)  in  front  of 
the  parts.  When  the  copper  melts,  it  flows  towards  the  parts  due  to  gravity  and  ensures  part-to-part 
consistency  in  infiltration.  It  has  been  determined  that  consistent  infiltration  efficiency  improves 
the  dimensional  accuracy  of  the  final  parts. 


Figure  5:  Arrangement  of  part  in  a  graphite  crucible  prior  to  the  furnace  cycle. 


Table  3:  Mechanical  and  Thermal  Properties  of  steel-copper  composite  material. 


Property 

Test  Standard 

RapidTool 

Material 

A1 7075  T6 

P20  steel 

Yield  Stress 
(0.2%elongation) 

ASTME8 

255 

505 

750 

Tensile  Strength 
(MPa) 

ASTME8 

475 

570 

950 

Elongation  (%) 

ASTME8 

15 

11 

20 

Elastic  Modulus 
(GPa) 

ASTME8 

210 

72 

207 

Hardness  (HRB) 

ASTME18 

75 

81 

180-210 

Thermal 

Expn.  Coeff 
(mm/m°C) 

ASTME831 

14.4 

23.6 

1.7 

Thermal  Cond. 
(w/mK) 

ASTME831 

91 

130 

29 

The  parts  exhibit  a  shrinkage  of  2.5%  in  the  horizontal  direction  and  4.0%  in  the  vertical  direction. 
The  shrinkage  of  the  parts  during  the  furnace  cycle  is  anisotropic  due  to  settling  of  the  material  after 
debinding. 
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Material  Cost  ($) 

419 

80 

Processing  Cost  ($) 

1,331 

Finishing  Cost  ($) 

5,175 

28,125 

Total  Cost  ($) 

6,925 

28,205 

Total  Time  (hrs) 

202 

625 

Total  processing  time  for  a  core  and  cavity  insert  set,  each  measuring  6”x6”xl.5”,  is  about  100 
hours.  The  time  estimate  includes  SLS  processing  and  furnace  processing  but  does  not  include 
any  mold  finishing  time.  Mold  finishing  time  depends  on  the  complexity  of  the  mold  and  the  skill 
of  the  mold  maker.  An  economic  analysis  comparing  the  processing  costs  for  the  parts  shown 
Figure  6  is  shown  in  Table  4.  The  finishing  costs  for  the  RapidTool  inserts  and  the  costs  for 
fabricating  a  set  by  conventional  processes  was  quoted  by  a  external  vendor.  It  can  be  seen  that 
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although  the  raw  material  for  the  RapidTool  process  costs  more  than  that  of  conventional 
processes,  the  total  costs  for  the  RapidTool  process  is  lower  compared  to  conventional  processes. 

RAPIDTOOL  MATERIAL  AND  PROCESS  ENHANCEMENTS 

Several  enhancements  to  the  RapidTool  process  are  being  investigated.  As  described  in  the 
previous  sections,  the  polymer  infiltration  and  drying  steps  are  designed  to  minimize  gravity 
induced  creep  during  the  furnace  cycle.  Changes  to  the  steel  powder  morphology  and  binder 
chemistries  are  being  examined  to  eliminate  the  polymer  infiltration  step  completely  resulting  in  a 
reduction  in  processing  time  and  an  improvement  in  part  accuracy. 

An  alternate  method  to  fabricate  molds  for  plastic  injection  molding  is  being  investigated.  In  this 
method,  porous  core  and  cavity  inserts  would  be  fabricated  by  SLS  using  a  polymer  /  metal  feed 
material.  However,  the  green  parts  will  not  be  infiltrated  with  copper  as  in  the  RapidTool  process. 
Instead,  the  green  parts  will  be  infiltrated  with  a  crosslinkable  liquid  epoxy  and  cured.  It  is 
expected  that  these  steel/epoxy  mold  inserts  can  be  processed  faster  compared  to  the  RapidTool 
process  since  no  furnace  processing  is  required.  However,  these  inserts  will  be  less  durable  than 
the  steel  /  copper  molds  produced  by  the  RapidTool  process. 

SUMMARY 


The  RapidTool  process  is  a  method  to  make  near  net  shape  parts  using  a  combination  of  SLS  and 
conventional  powder  metallurgy  techniques.  The  primary  application  for  the  steel  copper 
composite  material  produced  by  this  process  is  in  the  fabrication  of  prototype  molds  for  plastic 
injection  molding.  Mechanical  and  thermal  properties  of  the  steel-copper  composite  is  similar  to 
that  of  aluminum  7075  used  in  conventional  mold  making  process.  Total  SLS  and  furnace 
processing  time  for  a  core  and  cavity  insert  set  is  about  100  hours.  Fabricating  molds  via  the 
RapidTool  process  can  result  in  significant  time  and  cost  saving  when  compared  to  traditional  mold 
making  methods. 
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ABSTRACT 

An  innovative,  rapid  prototyping  (RP)  technology  is  being  adapted  for  the  automated 
manufacture  of  composite  tools  and  molds.  The  technology  is  a  direct  extension  of  the 
Laminated  Object  Manufacturing  (LOM)  process.  LOM  is  an  established  technique  that  is  used 
to  create  solid  prototypes  by  sequentially  cutting  and  laminating  layers  of  adhesive  paper.  With 
this  process  a  full  scale,  geometrically  complex  prototype  can  be  created  directly  from  a  CAD 
image  in  less  than  a  day.  This  report  provides  a  description  of  how  LOM  is  being  applied  for  the 
production  of  functional  composite  laminates,  such  as  composite  tools  and  molds.  Several 
material  systems  have  been  examined,  including  monolithic  ceramics  (SiC),  ceramic  matrix 
composites  (SiC/SiC),  and  polymer  matrix  composites  (glass/epoxy).  Realistic  tools  and  molds 
are  being  created  from  these  materials  using  the  LOM  process  with  little  modification.  However, 
post  processing  (ceramic  densification,  polymer  post  cure)  is  necessary  to  obtain  articles  with 
good  mechanical  properties.  Technical  solutions  are  being  developed  for  maintaining 
geometrical  accuracy  during  the  post  processing  cycles.  The  mechanical  properties  and 
performance  of  the  LOM-produced  parts  are  reported  herein.  Overall,  this  technology  holds 
great  promise  for  lowering  the  cost  of  tooling  due  to  the  ability  to  create  geometrically  complex 
objects  rapidly  using  a  highly  automated  processing  sequence. 


I.  INTRODUCTION 

The  rapid  prototyping  and  manufacturing  of  monolithic  ceramics,  ceramic  matrix  composites,  and 
polymer  matrix  composites  is  being  studied  by  an  industry/university  collaborative  team  lead  by 
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University  of  Dayton  and  Helisys,  Inc.  This  technology,  based  on  Laminated  Object  Manufacturing 
(LOM),  will  provide  a  capability  for  producing  high  performance,  near-net-shape  ceramic  and 
polymer  matrix  composites  (CMCs  and  PMCs,  respectively).  The  technical  objectives  of  the 
program  are:  1)  to  produce  CMC  parts  with  structural  integrity  similar  to  CMC  parts  made  by 
current  techniques,  2)  to  develop  a  commercially  viable  machine  capable  of  automated  fabrication 
of  these  parts,  and  3)  to  demonstrate  the  generic  nature  of  the  technology  by  making  PMCs  suitable 
for  structural  applications.  In  this  report,  a  description  will  be  given  of  the  technical  progress 
achieved  to  date. 


H.  EXPERIMENTAL  DEVELOPMENT  AND  DISCUSSION 


LOM  Process 

The  standard  LOM  process  is  illustrated  in  Figure  1.  In  this  study,  a  LOM  2030  machine  in  its 
current  commercial  configuration  was  used  for  all  work.  As  described  herein,  certain  modifications 
to  the  process  were  employed,  such  as  manual  feed  of  sheet  preform  materials.  However,  some 
composite  parts  were  able  to  be  fabricated  with  the  normal,  fully  automatic  process. 

Production  of  Ceramic  Articles 


The  rapid  prototyping  and  manufacturing  of  monolithic  and  composite  ceramics  is  being  addressed 
by  an  industry/university  collaborative  team  funded  by  the  Defense  Advanced  Research  Projects 
Agency  and  the  Office  of  Naval  Research.  This  technology,  based  on  LOM,  will  provide  a 
capability  for  producing  high  density,  near-net-shape  ceramic  matrix  composites.  As  a  necessary 
first  step  in  the  overall  program,  the  production  of  monolithic  ceramic  objects  is  being  developed. 
To  date,  monolithic  silicon  carbide  (SiC)  and  aluminum  nitride  (AIN)  parts  have  been  produced. 
Among  several  others,  tooling  for  polymer  composites  is  a  promising  application  for  these  ceramic 
systems.  The  favorable  thermal  conductivity  of  AIN  or  SiC  would  provide  a  durable  tool  with  the 
inherent  heat  transfer  advantage  that  a  metal  tool  has  to  offer,  but  with  less  thermal  expansion,  and 
at  a  lower  cost. 

Appropriate  ceramic  preforms  were  developed  using  a  standard  tape  casting  process.  These  "tapes" 
contain  a  ceramic  powder  at  approximately  60  vol%  and  a  polymeric  binder  system.  Ceramic  tapes 
were  made  with  thicknesses  of  150-175  pm  and  300-325  pm,  widths  of  20  cm,  and  lengths  of  1  m. 
A  significant  effort  was  required  to  obtain  the  proper  binder  formulation  for  effective  tape 
lamination.  Three  ceramic  systems  have  been  investigated:  a  coarse,  infiltratable  SiC  composition 
with  average  diameter  of  30  pm;  a  bimodal  SiC  composition  with  coarse  and  fine  (=2  pm)  particles; 
and  a  sinterable  AIN  composition  with  average  particle  size  near  2  pm. 

Ceramic  tapes  were  laminated  to  form  three  dimensional  objects  using  a  LOM  2030  machine  at  the 
University  of  Dayton.  The  placement  of  tapes  was  performed  manually  because  the  tapes  were  not 
long  enough  to  form  continuous  rolls  nor  strong  enough  to  survive  the  feed  mechanism.  Otherwise, 
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the  building  of  ceramic  parts  was  conducted  with  the  same  degree  of  automation  as  with  paper 
parts. 

"Green"  is  a  term  that  refers  to  the  state  of  a  ceramic  article  prior  to  densification.  Green  objects 
tend  to  be  fragile  and  are  prone  to  damage.  Most  LOM-produced  green  objects  are  soft  and  easily 
deformed  due  to  the  flexibility  of  the  ceramic  tapes.  Therefore,  a  partial  binder  burnout  cycle  was 
used  to  stiffen  the  parts  in  order  to  facilitate  green  state  handling.  This  cycle  involved  careful 
heating  of  a  part  to  slowly  volatilize  the  plasticizer  while  leaving  the  polymer  intact.  Prior  to 
densification,  the  polymer  binder  was  removed  with  a  higher  temperature  burnout  cycle  developed 
using  thermogravimetric  analysis  data. 

SiC  parts  were  densified  by  two  separate  processes,  either  by  using  silicon  infiltration  or  reaction 
bonding  (reactive  metal  infiltration).  These  methods  of  densification  result  in  net  shape  parts  with 
little  or  no  dimensional  change.  In  the  reaction  bonding  process,  free  silicon  reacts  with  in  situ 
carbon  that  has  been  formulated  with  the  ceramic  tape.  This  reaction  (Si0  +  C  — >  SiC)  happens 
immediately  upon  infiltration  and  increases  the  SiC  content  of  the  part  without  significant 
shrinkage.  The  sintering  of  AIN  parts  has  not  yet  been  addressed.  However,  sintering  shrinkage 
and  warpage  are  expected  to  be  primary  issues. 

Examples  of  parts  made  on  the  LOM  system  are  given  in  Figure  2  and  in  previous  reports  [1,2]. 
The  flexural  strength  of  the  infiltrated  and  reaction  bonded  SiC  parts  is  approximately  160  MPa  at 
room  temperature  (4-point  bend  test).  This  value  is  expected  to  increase  significantly  with  current 
research  aimed  at  improving  the  lamination  efficiency. 

Helisys,  the  manufacturer  of  the  LOM  2030,  has  developed  several  hardware  and  software  changes 
for  improved  ceramic  handling.  These  modifications  will  be  implemented  on  an  updated  LOM 
machine  that  will  be  made  commercially  available.  To  facilitate  more  efficient  laser  cutting  of 
refractive  materials,  a  pulsed  C02  laser  with  a  700  W  peak  power  will  be  used.  To  prevent 
oxidation  of  carbides  and  nitrides  during  laser  cutting,  a  blower  that  supplies  a  thin  layer  of  inert  gas 
over  the  cutting  surface  has  been  implemented.  Since  ceramic  prepregs  are  costly,  the  material  feed 
mechanism  has  been  redesigned  to  minimize  waste  while  providing  full  automation. 

Ceramic  Matrix  Composites 

Work  is  also  progressing  toward  the  ultimate  goal  of  producing  ceramic  matrix  composites  with  the 
LOM  system.  A1203  and  SiC  ceramic  tapes  containing  SiC  whiskers  or  SiC  continuous  fibers  are 
being  considered.  The  initial  challenge  here  is  tape  casting.  Incorporating  reasonable  percentages 
of  fibers  uniformly  distributed  in  tapes  presents  obvious  challenges.  Novel  approaches  to  this  are 
being  developed  as  well  as  alternate  approaches. 

One  alternate,  novel  approach  to  the  fabrication  of  SiC/SiC  composites  involves  the  layup  of 
separate,  alternating  layers  of  monolithic  ceramic  tape  and  fiber/resin  prepregs.  This  concept  was 
tested  by  using  the  same  SiC  ceramic  tapes  used  to  make  monolithic,  reaction  bonded  SiC  parts  (see 
previous  section).  A  separate  fiber  preform  was  developed  by  making  prepregs  of  continuous  SiC 
fibers  (Nicalon™,  Dow  Coming)  and  a  furfural  thermosetting  resin  (Furcarb  UP-440,  QO 
Chemicals).  The  advantages  of  this  technique  are  the  relative  ease  of  preparation  of  the  preforms, 
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avoidance  of  fiber  abrasion  from  the  ceramic  particles,  and  potential  for  high  fiber  volume  fraction 
in  the  final  CMC.  Furfural  resin  was  chosen  because  it  produces  a  high  char  yield  when  heated  to 
high  temperatures.  Therefore,  the  furfural  serves  a  dual  role:  as  a  binder  during  the  part  fabrication, 
and  as  a  carbon  source  during  the  reaction  bonding  process. 

Several  nine-layer  CMC  plates  were  fabricated  by  sequentially  laminating  ceramic  tapes  and  fiber 
preforms  by  hand  pressing  with  a  warm  iron  (80-100  °C)  for  5  seconds  per  layer.  A  copper  vapor 
laser,  subsequently  described,  was  used  to  cut  the  preforms  immediately  after  the  lamination  step. 
The  furfural  resin  adhered  well  to  the  ceramic  tapes.  Subsequent  post  curing  of  the  resin,  performed 
by  placing  the  final  CMC  plate  in  a  heated  press  (175  °C,  5  psi),  produced  robust  “green”  CMCs. 
Traditional  binder  burnout  was  carried  out  in  an  oven,  followed  by  pyrolysis  of  the  furfural. 

Finally,  reaction  bonding  was  performed  by  infiltration  with  silicon. 

CMC  squares  made  by  this  technique  are  pictured  in  Figure  3.  The  initial  experiments  involved 
the  determination  of  appropriate  carbon  levels  in  the  ceramic  tape  and  total  furfural  level  in  the  fiber 
prepreg.  After  several  formulation  iterations,  the  ability  to  produce  flat,  visually  attractive  CMC 
panels  with  no  delaminations  was  achieved  as  illustrated  in  Figure  3.  This  accomplishment 
demonstrated  the  basic  feasibility  of  this  CMC  fabrication  approach.  However,  the  mechanical 
properties  of  these  panels  were  low  (flexural  strength  =  50  MPa,  25  °C,  4-point  bend)  due  to 
significant  porosity.  Future  work  will  increase  the  integrity  of  LOM  CMCs  by  all  of  the  following 
strategies:  1)  minimize  porosity  with  the  use  of  a  more  appropriate  cure  cycle  for  the  furfural  resin 
(in  this  study  not  enough  time  was  allowed  for  debulking  of  water  and  solvents  from  the  prepreg, 
which  accounts  for  most  the  porosity  observed  in  the  samples),  2)  incorporate  a  necessary  fiber 
interface  through  fiber  coatings,  and  3)  minimize  fiber  degradation  with  lower  infiltration 
temperature  and/or  SiC  fibers  with  lower  free  oxygen  content  (e.g.  “high  Nicalon”  or 
“stoichiometric”  silicon  carbide). 

A  second  challenge  in  LOM  processing  of  advanced  fiber  prepregs  is  cutting  the  fibers.  C02  lasers 
cannot  cut  continuous  fibers  effectively  due  to  severe  bum  damage  near  the  cut  region.  The  laser 
cutting  of  fiber  prepregs  is  being  investigated  with  a  20W,  pulsed  copper  vapor  laser  that  delivers 
2.7  mJ  per  pulse  at  a  repetition  rate  of  8000  Hz.  The  laser  can  be  focused  to  a  spot  size  of  around 
80  pm  and  is  quite  effective  in  “cleanly”  cutting  SiC  fibers,  as  illustrated  in  Figure  4.  The  cutting 
mechanism  involves  photoablative  erosion  rather  than  pyrolysis. 

Production  of  Polymer  Composites 

The  feasibility  of  adapting  the  LOM  process  for  the  rapid  prototyping  and  fabrication  of  polymer 
composite  parts  has  been  demonstrated.  It  was  found  that  arbitrary,  complex  shaped  parts  can  be 
made  from  a  range  of  composite  prepregs  with  an  ease  and  versatility  similar  to  the  original 
LOM  paper  material.  However,  due  to  the  transient  temperature  and  pressure  application 
associated  with  the  LOM  process,  a  secondary,  post  processing  step  is  required  for  final  part 
consolidation  and  cure  advancement.  Without  the  post  cure,  the  functionality  of  LOM  composite 
parts  is  severely  reduced  and  the  parts  are  not  suitable  for  the  targeted  tooling  applications. 

Currently,  technical  solutions  are  being  developed  for  maintaining  geometrical  accuracy  during 
the  post  processing  cycles. 
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The  performance  of  two  composite  prepreg  systems  has  been  evaluated  in  the  LOM  process. 

Both  are  epoxy/glass  fiber  systems.  The  first  material  was  specifically  designed  for  the  LOM 
process  to  duplicate  the  handling  characteristics  of  paper;  it  required  no  modifications  to  the 
current  LOM  machine  or  build  sequence.  The  prepreg  was  comprised  of  a  non-woven  glass  fiber 
mat  coated  on  the  bottom  side  with  a  layer  of  highly  B-staged  epoxy  resin.  This  prepreg  was 
supplied  on  nine  inch  wide  rolls.  Because  the  prepreg  was  primarily  designed  to  process  as 
similar  to  the  LOM  paper  as  possible,  the  measured  properties  of  composites  made  from  this 
material  were  not  good.  Due  to  the  one-sided  distribution  of  highly  B-staged  resin,  LOM 
processing  resulted  in  a  layered  structure  with  alternating  resin  rich  areas  and  layers  of 
unimpregnated  fibers  (see  Figure  5).  Since  the  resin  did  not  flow  significantly  during 
processing,  consolidation  was  poor.  Additionally,  fully  cured  parts  were  dimensionally  stable 
only  at  temperatures  up  to  1 10°C,  as  indicated  by  laboratory  mechanical  analysis  results  in 
Figure  6,  because  the  fully  cured  matrix  resin  had  a  particularly  low  glass  transition  temperature. 

Despite  these  findings  there  have  been  several  preliminary  field  reports  noting  the  adequacy  of 
this  prepreg  for  producing  prototype  injection  molds.  For  example,  a  user  at  one  beta  test  site 
was  able  to  inject  a  total  of  40  shots  using  polypropylene,  acetal,  glass  filled  acetal,  neoprene, 
and  nylon.  The  prototype  mold,  however,  had  to  be  treated  differently  than  traditional  tool  steel 
because  of  its  lower  thermal  conductivity  and  use  temperature.  For  example,  the  runner  length 
had  to  be  extended  to  prevent  hot,  molten  plastic  from  contacting  the  mold  prematurely. 
Additionally,  a  cycle  time  as  long  as  5  minutes  was  required  due  to  long  cooling  times.  In  an 
attempt  to  increase  the  wear  resistance  and  thermal  transport  of  LOM  molds,  Helisys  has 
developed  a  metal  coating  process  involving  hydroforming  of  thin  copper  sheets. 

The  second  material  system,  a  commercially  available  aerospace-grade  prepreg,  was  much  more 
promising  for  creating  high  performance,  functional  polymer  composite  parts  using  LOM.  This 
prepreg  consisted  of  unidirectional  “E”  glass  fibers  in  an  epoxy  matrix  and  was  supplied  on 
twelve  inch  wide  rolls.  Some  modifications  to  the  LOM  build  sequence  were  required  to  process 
this  type  of  material.  Most  notably,  fully  automated  processing  was  not  possible  with  the  current 
LOM  machine.  The  prepreg  was  a  “high  flow”  system  since  the  resin  was  minimally  B-staged 
and  evenly  distributed  through  the  prepreg  thickness.  Thus  a  release  ply  was  required  on  top  of 
the  layup  to  prevent  the  prepreg  from  sticking  to  the  heated  roller  during  the  lamination  step. 
Immediately  after  lamination,  the  cycle  was  again  interrupted  to  manually  remove  the  release  ply 
(the  prepreg  carrier  film  was  used  in  this  case).  However,  the  improved  performance  of  the 
material  compensated  for  the  additional  processing  steps.  The  reduced  B-staging  of  the  resin, 
compared  to  that  of  the  first  prepreg,  resulted  in  a  better  bond  between  layers  (see  Figure  7) 
which  minimized  delamination.  Fully  cured  parts  exhibited  a  use  temperature  of  up  to  200  °C 
and  mechanical  properties  comparable  to  more  traditionally  made  epoxy/glass  composites  (see 
Figure  6  and  Table  1,  respectively).  However,  this  material  system  has  not  yet  been  tested  in 
field  applications  such  as  injection  molding  and  autoclave  tooling. 

The  use  of  an  aerospace-grade  composite  material  in  the  LOM  process  combines  the  best  aspects  of 
traditional  polymer  composite  fabrication  and  rapid  prototyping.  The  enhanced  mechanical 
properties  associated  with  polymer  composites  are  not  sacrificed  to  achieve  the  complex,  freeform 
shapes  common  to  rapid  prototyping.  But  in  order  to  further  develop  this  promising  new  fabrication 
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method,  additional  improvements  are  needed  in  both  the  LOM  process  and  prepreg  formulation. 
These  developments  include  methods  for  automating  the  layup  procedure  and  fine-tuning  the 
prepreg’s  degree  of  B-staging  and  fiber  volume  to  facilitate  processing  without  forfeiting  material 
performance.  Issues  involving  mechanical  automation  are  being  addressed  currently  by  Helisys, 
Inc. 


III.  FUTURE  COMPOSITE  DEVELOPMENTS 

The  process  development  component  of  the  program  is  focused  on  machine  modifications.  These 
include  a  flat  tape  feed  mechanism,  a  rotating  building  stage  for  changing  fiber  orientation  layer-by- 
layer,  an  in-situ  curing/heat  treating  device,  and  a  curved  layer  layup  capability.  The  latter  is  a 
highly  innovative,  key  concept  for  composite  fabrication  by  the  LOM  process.  In  conventional 
composites,  the  laminate  plies  conform  to  the  surface  of  a  tool.  To  facilitate  such  lamination  on  the 
LOM,  in  place  of  the  current  planar  layup  geometry,  a  "curved  surface"  algorithm  is  being 
developed.  This  algorithm  also  will  improve  surface  finish  and  allow  the  fiber  reinforcement  to 
remain  continuous  in  the  plane  of  curvature.  The  curved  layer  building  concept  is  illustrated  in 
Figure  8.  Also  under  development  are  various  processing  methods  for  improving  the  ease  of  part 
removal  from  the  crosshatched  support  material. 
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Figure  8  :  Curved  Layer  LOM  concept.  Curved  layer  parts  will  be  built  by  draping  the 
composite  preforms  over  a  tool  that  has  been  custom  prefabricated  with  the  existing  flat 
layer  process.  The  draped  sheets  will  be  rolled  or  thermoformed  into  place. 
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Abstract 


A  laser/powder  deposition  process  has  been  added  to  the  Shape  Deposition  Manufacturing  system 
at  Stanford  University.  This  process  is  more  robust  than  previous  SDM  metal  deposition 
processes,  consistently  producing  fully  dense,  near-net  shape  deposits  with  excellent  material 
properties  Material  is  deposited  by  scanning  the  laser  across  a  surface  while  injecting  metallic 
powders  into  the  melt-pool  at  the  laser  focus.  A  number  of  parts  have  been  produced  with  the 
system,  including  an  injection  molding  tool,  multimaterial  structures  and  simple  mechanisms. 
Currently  research  is  being  performed  to  improve  the  finish  quality  of  the  parts.  One  of  the  main 
areas  of  research  involves  controlling  thermal  stresses  which  can  lead  to  warpage  and 
delamination.  Selective  deposition  techniques  and  the  use  of  low  coefficient  of  thermal  expansion 
materials  such  as  INVAR™  show  promise  for  reducing  deformations  caused  by  internal  stresses. 


1.  Shape  Deposition  Manufacturing 

Shape  Deposition  Manufacturing  (SDM)  is  a  layered  manufacturing  technique  which  uses 
sequential  steps  of  material  deposition  and  removal  to  form  three  dimensional  structures.  (See 
Merz  et  al.,  1994  for  a  detailed  description  of  the  process.)  In  SDM,  an  off-line  process  planner 
first  automatically  decomposes  the  CAD  solid  model  of  the  part  into  layers  and  three  dimensional 
sections  and  generates  deposition  and  cutting  paths.  Unlike  most  other  Solid  Freeform 
Fabrication  (SFF)  techniques,  SDM  retains  a  three  dimensional  representation  of  the  part  and 
creates  variable  layer  thicknesses  which  are  dictated  by  the  geometry  of  the  part.  Layer  boundaries 
are  strategically  inserted  at  heights  where  there  are  transitions  between  undercut  and  non-undercut 
surfaces  or  changes  in  material.  As  a  result,  layer  thicknesses  will  range  anywhere  from  a  few 
thousands  of  an  inch  to  the  practical  limits  of  the  deposition  and  shaping  equipment.  This  adaptive 
layer  splitting  reduces  build  time  by  reducing  the  number  of  layers  to  the  theoretical  minimum,  and 
five-axis  shaping  eliminates  the  stair-step  effect  found  in  other  layered  manufacturing  techniques. 

The  individual  layers  are  built  by  depositing  material  into  a  near-net  shape  and  subsequently 
machining  it  to  the  final  dimensions  using  a  five-axis  CNC  mill.  These  operations  are  alternately 
performed  on  part  material  and  additional  sacrificial  support  material.  The  support  material  encases 
each  layer,  provides  a  platform  for  deposition  of  the  next  layer,  and  supports  overhanging  part 
geometry.  This  process  is  repeated,  layer  by  layer,  until  the  part  is  complete.  After  the  final  layer 
has  been  deposited,  the  support  structure  is  removed  to  reveal  the  part  in  its  final,  fully-functional 
state. 


Since  SDM  is  a  layered  manufacturing  technique,  it  exhibits  many  of  the  advantages  of 
other  SFF  processes  including  the  inherent  simplicity  of  building  a  complex  three  dimensional 
shape  using  a  number  of  simpler  individual  layers,  and  access  to  the  interior  of  the  part  during  the 
build  process.  The  use  of  a  sacrificial  support  structure  provides  other  advantages  including 
securely  fixturing  the  part  during  the  build  and  the  ability  to  produce  complex  features,  such  as 
overhangs  and  internal  cavities.  The  addition  of  CNC  milling  to  the  process  results  in  part 
tolerances  and  surface  finishes  which  are  superior  to  those  which  would  be  obtained  through  a 
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Figure  1:  Schematic  of  laser  deposition. 


Figure  2:  Laser  deposition  apparatus. 


purely  additive  process.  Finally,  the  wide  range  of  materials  available  to  the  SDM  process  means 
that  fully  functional  parts  can  be  made  in  a  single,  fully  automated  production  step.  The  technique 
is  sufficiently  robust  that  parts  can  be  made  from  virtually  any  machinable  material  which  can  be 
deposited  incrementally  and  for  which  a  suitable  support  material  can  be  found.  Currently  the 
range  of  materials  includes  a  variety  of  metals  and  polymers  as  well  as  ceramics  in  the  green  state. 


2.  Laser  Deposition  System 


2. 1  System  Description 

The  laser  system  is  one  of  several  metal  deposition  processes  which  have  been  incorporated 
into  SDM.  It  has  a  number  of  advantages  over  previous  SDM  deposition  techniques  including 
more  robust  deposition,  more  accurate  placement  of  the  deposited  material  and  the  ability  to 
produce  functional  gradient  materials  by  simply  mixing  powders  during  deposition.  The  process  is 
very  similar  to  laser  cladding  or  laser  welding  in  which  the  laser  forms  a  melt  pool  on  the  substrate 
into  which  metal  powder  is  injected.  The  injected  powder  fuses  onto  the  substrate  as  the  laser 
scans  over  the  part,  leaving  a  bead  of  deposited  material  in  its  wake.  (Figure  1)  Because  material  is 
deposited  only  where  the  laser  strikes  the  surface  and  the  laser  can  be  positioned  accurately,  it  is 
easy  to  selectively  deposit  material  only  where  necessary  and  reduce  machining  time  in  subsequent 
processing  operations. 

The  laser  is  a  2.4  kW  CW  Nd:YAG  laser  which  is  delivered  to  the  focusing  optics  through 
a  25  m  long,  600  pm  diameter  fiber.  The  end  of  the  fiber  is  equipped  with  an  end  effector  which 
can  vary  the  focal  length  from  130  to  450  mm,  with  corresponding  changes  in  the  focal  spot 
diameter  of  1.2  to  4.8  mm.  Most  artifacts  presented  in  this  paper  were  produced  with  the  substrate 
approximately  10  mm  beyond  the  focal  point  and  a  2.5  mm  spot  size.  The  powders  are  fed  into 
the  melt  pool  through  a  simple  gravity-driven,  off-axis  feed  nozzle,  and  the  powder  feed  rates  are 
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controlled  with  an  auger-style  dry  material  feeder.  Both  the  laser  end  effector  and  the  powder  feed 
nozzle  are  mounted  to  the  end  of  a  four  degree  of  freedom  robotic  manipulator  arm.  Since  the 
powder  is  added  directly  to  the  melt  pool,  the  deposition  head  can  move  in  any  direction  on  the 
surface.  However,  the  thickness  of  the  deposit  does  change  with  direction,  with  the  thickest 
deposits  occurring  when  the  robot  travel  is  in  the  plane  of  the  laser  and  powder  delivery.  The 
milling  operations  used  in  SDM,  however,  remove  any  excess  material  which  may  be  deposited, 
and  control  the  final  thickness  of  the  deposits.  During  deposition,  the  area  around  the  laser  spot  is 
flooded  with  inert  gas  to  shield  the  deposits  from  air  and  reduce  oxidation.  Typically,  large  flow 
rates  of  nitrogen  (approx.  150  liters  per  minute)  are  used,  but  smaller  flow  rates  (approx.  15  liters 
per  minute)  of  Argon  or  Argon-Helium  have  also  been  used  successfully.  The  choice  of  shield  gas 
largely  depends  on  the  material  being  deposited;  for  example,  the  use  of  nitrogen  as  a  shield  gas 
during  titanium  deposition  could  result  in  formation  of  unwanted  titanium  nitride.  Figure  2  shows 
a  picture  of  the  deposition  apparatus  mounted  on  the  robot  arm. 

2.2  Material  Properties 

The  laser  system  successfully  deposits  a  range  of  materials  including  stainless  steel, 
titanium,  INVAR™,  aluminum,  bronze  and  a  variety  of  corrosion  resistant,  hardfacing  materials. 
The  majority  of  the  artifacts  produced  with  the  system,  however,  have  been  made  from  a  material 
very  similar  in  composition  to  a  316L  series  stainless  steel.  This  material  has  moderate  strength 
and  hardness  and  excellent  corrosion  resistance.  Corrosion  resistance  is  important  during  the  acid 
etching  process  which  removes  the  copper  support  structure.  The  system  reliably  deposits 
approximately  30  g/min  of  fully  dense  material  into  a  near  net  shape.  The  material  properties  of  the 
resulting  material  are  very  similar  to  those  for  a  cold  worked  316L  series  stainless  steel,  as  shown 
in  Table  1.  Tensile  test  measurements  were  taken  in  two  orthogonal  directions,  parallel  to  the 
direction  of  a  single  line  of  deposition  and  perpendicular  to  the  deposition  lines.  Visually,  the 
tensile  specimens  show  evidence  of  some  anisotropy  in  the  crystal  structure  upon  fracture,  but  the 
material  strength  is  essentially  the  same  for  the  two  directions. 


316L  stainless1 

Deposited  stainless 

annealed 

cold  finished 

parallel 

perpendicular 

Hardness  (Rockwell  B) 

76 

95  max. 

90 

90 

0.2%  Yield  Strength  (MPa) 

170 

310 

490 

470 

Tensile  Strength  (MPa) 

450 

620 

630 

620 

Table  1:  Comparison  of  material  properties  for  deposited  stainless  steel  and  standard  316L 

stainless  steel. 

3.  Artifacts  Produced  with  Laser  System 

This  section  will  present  a  few  of  the  parts  produced  with  the  laser  system  including  an 
injection  molding  tool,  multimaterial  structures  and  simple  mechanisms.  In  general  these  were 
produced  using  the  laser  to  deposit  the  part  material  and  a  "microcaster"  to  deposit  the  support 
structure.  The  microcaster  is  another  SDM  metal  deposition  technique  which  forms  molten 
droplets  above  the  surface  of  the  part.  These  droplets  then  fall  and  bond  to  the  part  (Merz  et  al, 
1994).  As  a  result,  less  energy  is  transmitted  to  the  part,  and  less  geometric  distortion  is  observed. 
The  laser  system  has  been  used  to  deposit  bronze  for  support  structures,  but  the  laser  tends  to 
excessively  remelt  the  substrate  and  distort  the  part  geometry. 


1  Material  properties  for  316L  stainless  steel  from  Metals  Handbook,  Tenth  Edition,  Vol.l,  ASM 
International,  Materials  Park,  OH,  1990. 


Figure  3  shows  a  photograph  of  an  injection  molding  tool  produced  with  the  laser  system. 
Each  half  of  the  tool  has  dimensions  of  approximately  152  mm  by  102  mm  by  32  mm  and  is 
made  primarily  from  31 6L  stainless  steel.  One  half  of  the  tool,  shown  schematically  in  Figure  4, 
has  four  copper  deposits  for  temperature  equilibration.  Both  halves  of  the  tool  have  a  U  -shaped 
channel  for  water  cooling  during  the  molding  process.  All  surfaces  of  the  mold  cavity  have  a  1° 
taper  to  facilitate  removal  of  the  plastic  part.  The  halves  were  made  in  three  and  five  layers 
respectively,  and  each  required  approximately  eight  hours  of  automated  material  deposition  and 
milling.  An  additional  eight  hours  were  required  to  etch  the  copper  from  the  cooling  channels 
using  nitric  acid.  Portions  of  the  cavities  contained  small  features  which  could  not  be  cut  with 
endmills  and  these  were  finished  with  EDM. 


As  demonstrated  by  the  copper  deposits  in  the  tool  described  above,  SDM  can  create 
multimaterial  structures.  For  instance,  the  laser  system  has  also  been  used  to  deposit  INVAR™,  a 
low  coefficient  of  thermal  expansion  (CTE)  nickel  alloy,  onto  copper  which  was  previously 
deposited  onto  steel.  Such  multimaterial  structures  will  have  significant  advantages  in  a  wide 
variety  of  applications.  In  composite  forming,  for  example,  the  steel  substrate  would  provide  a 
solid  base  for  the  die,  the  copper  would  serve  to  equilibrate  temperatures  and  eliminate  hot  spots  in 
the  tool,  and  the  low  CTE  metal  would  resist  geometry  changes  due  to  thermal  expansion.  The 
laser  system  is  particularly  suitable  for  producing  multimaterial  parts  because  different  materials 
can  be  continuously  alloyed  during  the  build  process  by  simply  mixing  the  powders  which  are  fed 
to  the  melt  pool. 

The  laser  system  has  also  been  used  to  produce  simple  assemblies  and  mechanisms.  The 
use  of  a  sacrificial  support  structure  enables  the  system  to  produce  a  single  structure  which  will 
become  multiple  entities  once  the  support  structure  is  removed.  For  instance,  a  hollow  cube  has 
been  made  with  a  sphere  trapped  inside.  A  hole  much  smaller  than  the  diameter  of  the  sphere  was 
drilled  into  the  cube  to  allow  nitric  acid  to  etch  away  the  copper  support  material  and  free  the 
sphere.  Other  assemblies  have  been  made,  such  as  a  wheel  which  spins  on  a  hub  and  a  disk  which 
slides  freely  in  a  rectangular  frame  but  cannot  be  removed.  Finally,  the  system  was  used  to  create 
the  simple  mechanism  shown  in  Figure  5.  In  this  mechanism,  a  piston  is  connected  to  a  crank 
shaft  with  a  connecting  rod.  Turning  the  crank  causes  the  piston  to  move  back  and  forth  in  its 
chamber.  This  mechanism  was  made  in  12  layers  and  required  approximately  24  hours  to  fully 
deposit  and  shape.  An  additional  4  hours  were  required  to  etch  away  the  support  structure. 


Figure  5:  Crank  and  piston  mechanism. 
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4.  Research  Issues 

4.1  Thermal  Stresses 

Although  a  number  of  artifacts  have  been  successfully  produced  with  the  laser  system, 
there  are  a  number  of  issues,  primarily  concerned  with  part  quality,  which  need  to  be  addressed. 

One  of  the  most  important  issues  which  limits  the  quality  of  parts  produced  with  SDM  is  the 
accumulation  of  residual  thermal  stresses.  These  stresses,  which  result  from  fusing  and  con¬ 
straining  materials  of  differing  temperatures  (see  Chin  et  al.  1995),  can  cause  warpage, 
delamination  and  surface  finish  defects  in  the  final  part.  Two  primary  approaches  are  being 
investigated  to  minimize  deformation  due  to  thermal  stresses:  selective  deposition  and  multimaterial 
deposition.  Selective  deposition  can  reduce  deformation  of  the  final  part  by  allowing  much  of  the 
deformation  produced  during  cooling  to  occur  before  the  deposit  is  fully  constrained.  In  this 
approach  the  surface  area  of  the  deposits  is  significantly  increased  by  depositing  a  series  of  small 
patches  which  are  later  joined  together  to  form  large  patches  of  material.  These  "towers"  are  only 
constrained  on  the  bottom  and  their  large  surface  area  to  volume  ratio  allows  them  to  relax 
significantly  as  they  cool.  The  individual  patches  are  then  "stitched"  together  to  form  the  solid 
block.  In  the  second  approach,  a  material  such  as  INVAR™,  which  has  a  very  low  coefficient  of 
thermal  expansion  (CTE),  is  used  to  fill  much  of  the  solid  center  of  a  part  while  the  outside  surface 
of  the  part  is  tailored  to  the  application  of  interest.  For  instance,  the  primarily  INVAR™  part  may 
be  coated  with  a  thin  layer  of  either  wear  resistant  or  corrosion  resistant  material.  The  SDM 
process  is  suitably  robust  that  multimaterial  and  selective  deposition  techniques  such  as  these  can 
be  implemented.  It  should  be  noted  that  at  high  temperatures  INVAR™  shows  similar  thermal 
expansion  characteristics  to  stainless  steel,  but  at  high  temperatures  the  yield  strength  of  both 
materials  is  very  low.  Thus,  much  of  the  shrinkage  at  high  temperatures  will  result  in  plastic 
deformation  and  minimal  build-up  of  internal  stresses.  At  lower  temperatures,  however,  the  yield 
strengths  of  the  materials  rise  and  they  build-up  internal  stresses  in  accordance  with  their 
shrinkage.  In  this  regime,  where  the  stresses  accumulate,  INVAR™  has  a  near  zero  CTE,  which 
results  in  much  lower  residual  stress  levels. 

To  test  the  feasibility  of  these  techniques,  a  series  of  rectangular  beams  were  produced  to 
measure  the  relative  deflections  produced  by  deposition.  In  each  of  the  tests,  a  single  layer  of  j 

material  was  deposited  onto  constrained  steel  substrates.  The  substrates  were  150  mm  long, 

25  mm  wide  and  9.5  mm  thick  low  carbon  steel  flat  ground  stock.  The  deposits  were  milled  to  a 
uniform  size  of  15  mm  by  100  mm  by  3  mm,  and  the  deflections  of  the  bottom  surface  were 
measured.  Two  deposition  techniques,  standard  and  tower,  and  two  materials,  stainless  steel  and 
INVAR™,  were  used  for  this  test.  The  standard  deposition  technique  is  a  simple  continuous  scan 
of  the  laser  across  the  surface.  For  the  tower  technique,  individual  towers  15  mm  long,  4  mm 
wide  and  3  mm  tall  are  built  spaced  7.5  mm  apart.  After  the  towers  cool,  material  is  deposited  in 
the  spaces  between  them  to  create  a  solid  beam,  see  Figure  6. 

Figure  7  shows  the  measured  deflections  of  the  bottom  surface  of  the  steel  substrate  for 
several  cases.  The  results  show  that  the  deformation  of  simple  beams  due  to  internal  stresses  can 
be  significantly  reduced  through  both  selective  deposition  and  the  use  of  a  low  CTE  material  such 
as  INVAR™.  The  use  of  INVAR™  reduced  the  deflections  by  a  factor  of  2  as  compared  to 
stainless  steel.  Using  the  tower  deposition  technique  reduced  the  deflections  by  a  factor  of  three. 

A  combination  of  both  INVAR™  and  the  tower  technique  reduced  the  deflections  by  a  factor  of  10 
over  the  standard  technique  with  stainless  steel.  These  experiments  need  to  be  extended  to  larger 
two-dimensional  patches  and  other  geometry  to  see  if  similar  results  are  obtained. 

A 

4.2  Other  Research  Issues 


Aside  from  thermal  stresses,  other  issues  need  to  be  resolved  to  assure  the  fabrication  of 
very  high  quality  parts  with  the  laser  system.  One  of  the  primary  issues  involves  the  interactions 
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Standard  Deposition 


Tower  Deposition 


Figure  6:  Schematic  of  two  deposition  techniques. 
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Figure  7:  Comparison  of  standard  and  selective  deposition  techniques  using  stainless  steel  (SS) 

and  low  CTE  metal  (INVAR) 

between  the  part  material  and  the  support  material.  In  SDM  one  must  be  able  to  deposit  part  and 
support  materials  onto  one  another  without  destroying  the  geometry  of  the  underlying  material. 
With  the  laser  system  this  is  not  always  an  easy  task  because  the  process  requires  remelting  of  the 
substrate  to  ensure  bonding.  Unfortunately  this  means  that  if  the  laser  beam  hits  a  sharp  comer  it 
will  melt  the  material,  and  the  comer  will  be  rounded  as  a  result.  Currently,  techniques  are  under 
investigation  which  will  coat  the  support  material  with  a  buffer  layer  which  could  be  melted  by  the 
laser  without  destroying  the  geometry  of  the  part  underneath.  Such  a  buffer  layer  will  be  deposited 
with  an  alternate  technique  such  as  microcasting  or  thermal  spraying  which  does  not  substantially 
remelt  the  substrate.  Such  a  technique  would  significantly  improve  the  surface  finish  of  part 
material  which  has  been  deposited  directly  onto  support  material. 
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Another  area  which  has  yet  to  be  explored  is  the  possibility  of  creating  functional  gradient 
materials  through  powder  mixing  during  deposition.  A  single  deposited  layer  could  easily  have 
continuously  varying  material  properties  such  as  hardness  or  corrosion  resistance.  This  would  < 

lead  to  parts  with  tough  cores  and  hard  surfaces  without  distinct  interfaces  between  the  two 
materials.  Coefficients  of  thermal  expansion  could  also  be  selectively  chosen  to  reduce  stresses 
during  deposition  or  control  expansion  during  use. 

5.  Conclusions 

A  laser/powder  metal  deposition  process  has  been  incorporated  into  the  SDM  system.  In 
principle  this  technique  is  a  laser  cladding  process  with  the  goal  to  build  three  dimensional 
structures  rather  than  coat  a  surface.  A  variety  of  metals  including  stainless  steel,  bronze,  titanium, 
aluminum  and  INVAR™  can  be  deposited  in  near  net  shape  and  then  shaped  using  a  five-axis 
CNC  mill.  In  the  process,  a  melt  pool  is  created  on  the  surface  of  a  part  by  a  2.4  kW  Nd:YAG 
laser  which  is  delivered  fiber  optically  to  the  work  piece.  Powder  is  added  to  the  pool  through  a 
gravity-driven  off-axis  powder  feed  system.  With  the  current  deposition  parameters  the  system 
can  deposit  approximately  30  g  of  fully  dense  metal  per  minute.  Testing  of  the  most  commonly 
deposited  metal,  a  316L  stainless  steel,  shows  that  the  material  properties  of  the  deposited  metal  are 
similar  to  those  for  the  bulk  material  in  a  cold-formed  state.  Some  anisotropy  in  the  crystal 
structure  has  been  observed  corresponding  to  the  direction  of  deposition,  but  this  anisotropy  does 
not  appear  to  affect  the  material  strength. 

A  number  of  artifacts  have  been  produced  using  the  laser  to  deposit  the  part  material. 

These  parts  illustrate  the  capability  of  the  system  to  produce  injection  molding  tools,  multimaterial 
structures  and  even  simple  mechanisms.  There  are  still  several  issues  regarding  part  quality  which 
must  be  addressed.  The  first  is  thermal  stresses  which  accumulate  as  the  part  cools  and  can  lead  to 
warpage  or  delamination.  To  address  this  issue,  a  study  is  being  performed  to  evaluate  the 
effectiveness  of  selective  deposition  patterns  and  low  CTE  metals  for  controlling  internal  stresses. 

Preliminary  results  from  beam  studies  indicate  that  significant  reductions  in  warpage  can  be 

achieved  through  allowing  the  material  to  cool  before  it  is  completely  constrained  and  using  a  low 

CTE  metal  such  as  INVAR™.  A  combination  of  the  two  techniques  showed  warpage  reduction  of 

90%  over  the  standard  case  but  did  increase  deposition  complexity.  The  second  issue  regards  the  j 

interactions  between  part  material  and  support  material.  Good  bonding  of  the  deposited  layer  can 

only  be  achieved  if  the  substrate  is  remelted.  This  remelting,  however,  can  result  in  rough  surfaces 

once  the  support  material  has  been  removed.  Techniques  for  nondestructively  coating  the  support 

material  with  a  buffer  layer  of  the  part  material  are  being  investigated.  Substrate  remelting  by  the 

laser  would  be  confined  to  this  buffer  layer,  and  the  geometry  of  the  support  material  underneath 

would  be  preserved.  Continued  research  in  these  two  area  should  lead  to  substantially  improved 

part  quality. 
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INTRODUCTION 

Solid  free  form  fabrication  is  one  of  the  fastest  growing  automated  manufacturing 
technologies  that  has  significantly  impacted  the  length  of  time  between  initial  concept  and  actual 
part  fabrication  .  Starting  with  CAD  renditions  of  new  components,  several  techniques  such  as 
stereolithography3  and  selective  laser  sintering4  are  being  used  to  fabricate  highly  accurate 
complex  three-dimensional  concept  models  using  polymeric  materials.  Coupled  with  investment 
casting  techniques,  sacrificial  polymeric  objects  are  used  to  minimize  costs  and  time  to  fabricate 
tooling  used  to  make  complex  metal  castings5. 

This  paper  will  describe  recent  developments  in  a  new  technology,  known  as  LENS™  (Laser 

x  6  7  8  9 

Engineered  Net  Shaping)  ,  to  fabricate  metal  components  directly  from  CAD  solid  models 
and  thus  further  reduce  the  lead  times  for  metal  part  fabrication.  In  a  manner  analogous  to 
stereolithography  or  selective  sintering,  the  LENS™  process  builds  metal  parts  line  by  line  and 
layer  by  layer.  Metal  particles  are  injected  into  a  laser  beam,  where  they  are  melted  and 
deposited  onto  a  substrate  as  a  miniature  weld  pool.  The  trace  of  the  laser  beam  on  the  substrate 
is  driven  by  the  definition  of  CAD  models  until  the  desired  net-shaped  densified  metal 
component  is  produced. 


EXPERIMENTAL 

The  system  consists  of  aNd:YAG  laser,  a  controlled  atmosphere  glovebox,  a  3-axis 
computer  controlled  positioning  system,  and  a  powder  feed  unit.  The  positioning  stages  are 
mounted  inside  a  controlled  atmosphere  glove  box,  backfilled  with  argon,  operating  at  a  nominal 
oxygen  level  of  2-3  parts  per  million.  The  beam  is  brought  into  the  glovebox  through  a  window 
mounted  on  the  top  of  the  glovebox  and  directed  to  the  deposition  region  using  a  six  inch  focal 
length  plano-convex  lens.  The  powder  delivery  nozzle  is  designed  to  inject  the  powder  stream 
directly  into  the  focused  laser  beam  and  the  lens  and  powder  nozzle  move  as  an  integral  unit. 
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A  CAD  solid  model  is  sliced  into  a  sequence  of  layers,  and  translated  into  a  series  of  tool 
path  patterns  to  build  each  layer.  Each  layer  is  fabricated  by  first  generating  an  outline  of  the  key 
component  features  and  then  filling  the  cross-section  using  a  rastering  technique.  This  file  is 
used  to  drive  the  laser  system  to  produce  the  desired  component  one  layer  at  a  time,  starting  from 
the  bottom  of  the  part.  A  schematical  representation  of  the  LENS™  fabrication  process  is  shown 
in  Figure  1 .  A  solid  substrate  is  used  as  a  base  for  building  the  LENS™  object.  The  laser  beam 
is  focused  onto  the  substrate  to  create  a  weld  pool  in  which  powder  particles  are  simultaneously 
injected  to  build  up  each  layer.  The  substrate  is  moved  beneath  the  laser  beam  to  deposit  a  thin 
cross  section,  thereby  creating  the  desired  geometry  for  each  layer.  After  deposition  of  each 
layer,  the  powder  delivery  nozzle  and  focusing  lens  assembly  is  incremented  in  the  positive  Z- 
direction,  building  a  three  dimensional  component  layer  additively.  To  insure  that  a  uniform 
deposition  was  achieved  for  each  layer  independent  of  direction,  a  specialized  powder  delivery 
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Figure  2:  Build  height  as  a  function 
of  the  volumetric  exposure. 


nozzle  and  powder  feeder  have  been  developed  . 
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Figure  1:  Schematic  of  the  LENS  process. 


RESULTS 

A.  Laser/Powder  Interactions 

(i)  Process  Parameters 

Our  initial  research  was  to  demonstrate  the  role  of  the  processing  parameters  for  thin  walled 
geometries.  Statistically  designed  experiments  were  done  using  Inconel  625  to  identify 
significant  process  variables  and  to  begin  to  understand  the  deposition  process6.  The  process 
variables  considered  were:  component  velocity,  laser  irradiance,  Z-axis  increment,  and  powder 
volumetric  flow  rate.  The  response  variables  used  in  evaluating  the  experimental  results  were: 
the  material  build-up  height,  the  melt  depth  into  the  previous  layer,  and  the  ratio  of  these  two 
variables.  The  tests  were  performed  by  depositing  ten  layers  of  metal  in  a  single  wall  for  each  of 
the  experimental  conditions,  where  the  material  was  deposited  in  only  one  direction  of  travel. 
Metallographic  analysis  was  used  to  measure  the  response  variables  and  to  evaluate  the 
experiment  results.  Analysis  of  this  data  for  the  Ni-based  super  alloy  625  has  shown  that  there  is 
a  linear  relationship  between  the  layer  build-up  height  and  total  volumetric  exposure.  The 
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volumetric  exposure  is  the  ratio  of  the  laser  irradiance  to  the  component  travel  speed.  A  graph  of 
these  experimental  results  is  shown  in  Figure  2. 

Complete  melting  of  the  powder  occurred  for  all  tests.  In  addition,  textured  growth  of  the 
deposited  material  occurred  across  the  deposition  layer  boundary  in  nearly  all  cases  for  thin- 
walled  parts.  The  build  up  height  was  measured  from  the  original  surface  to  the  top  of  the 
deposited  structure.  Similarly,  the  melt  depth  was  taken  to  be  the  depth  of  the  dissolution  region. 
Previous  work6’8  shows  there  was  little  intergranular  melting  in  the  substrate  region.  The 
intergranular  melting  which  has  occurred  was  only  a  fraction  of  the  substrate  grain  size.  This 
suggests  that  for  the  conditions  used  in  this  testing  the  heat  affected  zone  is  relatively  small. 

For  each  new  material  processed  by  the  LENS  technique,  test  matrices  are  set  up  to 
determine  the  correct  parameters  to  build  near  net  parts.  This  has  been  done  for  a  variety  of 
materials:  stainless  steels,  nickel-based  alloys,  HI  3  tool  steel,  and  some  tungsten.  After  thin- 
walled  parts  are  built,  solid  block  test  matrices  are  performed  to  understand  the  inter-  and  intra¬ 
layer  parameters  needed  to  build  fully  dense  parts. 

(ii)  Diagnostics 

Several  diagnostic  techniques  are  used  to  monitor  and  to  understand  the  LENS  process. 

These  include:  laser  Doppler  velocimetry  for  powder  flow  and  relative  density  of  the  powder 
entering  the  laser  beam10,  time  resolved  infrared  imaging  for  thermal  characteristics1  ,  high 
magnification,  high  speed  digital  imaging  for  process  understanding6,  and  standard  video 
imaging. 

High  speed,  high  magnification  imaging  allowed  the  LENS™  process  to  be  effectively 
slowed  down  to  visualize  the  molten  metal/powder  interaction  region.  It  appears  that  particles  do 
not  become  molten  until  they  are,  in  fact,  actually  injected  into  the  melted  metal  puddle  in  the 
deposition  region.  Two  powder  sizes  were  used  to  study  the  process  and  weld  pool  behavior. 

For  the  smaller  particle  size  (-325  mesh),  the  melt  puddle  appear  to  be  stable  and  well  behaved. 
For  the  larger  particle  size  distribution  (-80  to  +325  mesh),  the  molten  puddle  was  very  energetic 
and  unstable.  For  the  larger  powder  size  distribution,  the  particle  size  was  a  significant  fraction 
of  the  deposition  region  width.  Directing  the  larger  particles  into  the  molten  deposition  region 
causes  a  larger  displacement  of  the  liquid  metal  thus  adding  more  energy  to  the  oscillations  of  the 
melt  pool.  Further  studies  are  required  to  draw  more  quantitative  conclusions  for  the  effects  of 
particle  size  on  the  powder  deposition  process. 

B.  Three-dimensional  components 

After  determining  the  basic  LENS™  parameters  for  a  material,  a  hollow  geometry  is  typically 
fabricated.  Figure  3  is  a  picture  of  an  HI  3  tool  steel  part.  The  tallest  geometry  we  can  build  in 
the  LENS™  platform  is  6  inches.  For  this  geometry  and  material,  the  dimensional  variance 
along  Z  is  only  0.002  inches  for  the  wingspan  section  of  the  thunderbird.  The  surface  finish  on 
extruded  shapes  is  typically  250  pinch. 

From  our  understanding  of  the  LENS™  parameters,  solid  geometries  are  fabricated.  With  a 
solid  geometry,  understanding  the  hatch  spacing  (line  by  line  spacing)  is  critical  for  building 
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1 00%  dense  components.  Figure  4  shows  a  housing  built  out  of  3 1 6  stainless  steel  (SS3 1 6). 
This  part  is  very  accurate  in  X  and  Y  dimensions  but  the  build  height  needs  better  control.  The 
error  in  X  and  Y  is  less  than  ±0.005”;  however,  Z  can  vary  by  as  much  as  ±0.015”  where  the 
substrate  extracts  the  thermal  energy  from  the  first  few  layers.  By  understanding  the  thermal 
behavior  along  with  the  LENS™  parameters,  we  should  be  able  to  control  the  Z  height. 


Figure  3:  Thin-walled  geometry  Figure  4:  Solid  geometry  fabricated 

fabricated  from  H13  tool  steel.  from  316  stainless  steel. 

Currently  this  process  is  being  developed  as  a  free-form  fabrication  process  in  which  no 
support  structures  have  been  needed.  Preliminary  results  from  angle  build  studies  suggest  that 
the  maximum  angle  which  can  be  achieved  in  a  single  width  deposition  is  approximately  30°  and 
about  15°  for  solid  parts.  A  horizontal  rotation  axis  has  been  added  to  the  LENS  system  and  will 
expand  the  geometries  which  can  be  built. 

Although  visual  analysis  of  sample  cross-sections  exhibited  no  obvious  signs  of  porosity, 
helium  pycnometry,  Archimedes’  method,  and  ultrasonic  imaging  were  used  to  quantify  the 
density  for  LENS  processed  materials.  Both  the  pycnometry  and  Archimedes  method  showed 
the  LENS  processed  materials  to  be  fully  dense.  Ultrasonic  imaging  showed  that  the  SS316 
processed  material  had  a  few  microvoids  on  the  order  of  1-5  pm  in  the  interior  of  the  solid. 
Electron  microprobe  analysis  indicated  that  there  was  no  apparent  difference  in  composition 
between  the  deposited  material  and  the  original  substrate  (which  is  same  material). 

C.  Accuracy 

Photographs  of  tolerance  test  parts  used  to  measure  the  dimensional  accuracy  of  the  LENS™ 
process  are  shown  in  Figures  5  and  6.  In  building  these  components,  it  was  determined  that  the 
dimensions  in  the  X-Y  plane  could  be  maintained  to  less  than  ±0.002  inches  (0.02  mm).  The 
dimension  in  the  Z  or  growth  direction  could  only  be  maintained  within  ±0.015  inches  (0.4  mm). 
The  angle  in  the  pyramid  of  Figure  6  is  maintain  within  ±0.01 5  inches  (0.4  mm).  These  results 
are  extremely  promising  and  further  work  will  allow  improvements  in  the  dimensional  accuracy 
to  be  achieved.  The  surface  finish  appears  to  be  a  strong  function  of  the  powder  particle  size  with 
the  smaller  powder  particles  giving  a  better  surface  finish.  Although  the  surface  finish  of  the  “as 


128 


built”  component  is  somewhat  rough,  a  small  amount  of  finishing  will  produce  an  accurate,  high 
polished  surface. 


Figure  5:  Accuracy  test  part  with  step  Figure  6:  Square-circle-pyramid 

geometry  and  cylindrical  holes.  accuracy  test  part. 


D.  Mechanical  Testing 

Results  from  preliminary  tensile  testing  of  the  deposited  316  stainless  steel  are  given  in 
Table  1 .  Eight  bars  have  been  tested  to  date,  six  with  the  layers  perpendicular  to  the  tensile  pull 
direction,  and  two  samples  with  the  layers  parallel  to  the  tensile  pull  direction.  A  third  set  of 
data  is  given  for  conventionally  processed,  annealed  316  stainless  steel  .  In  all  cases,  the 
strength  properties  of  the  fabricated  316  stainless  steel  bars  significantly  exceeds  that  for  the 
reported  value  of  the  annealed  material.  The  elongation  for  the  LENS  fabricated  have  similar 
ductility  where  an  elongation  of  50%  (in  1  inch)  is  achieved.  Particle  size  did  not  effect  the 
strength  properties;  but  some  of  the  early  tensile  samples  were  fabricated  with  a  glove  box 
oxygen  content  around  20-50  ppm,  which  lead  to  premature  reduction  in  ductility.  With  low 
oxygen  content  (<  2  ppm),  the  ductility  values  were  always  greater  than  50%. 

Table  1:  Mechanical  tensile  test  results  for  LENS  fabricated  SS316  bars.  Plane  orientation 
represents  the  layer  build  style  with  respect  to  the  tensile  pull  direction. 


Plane  Orientation 
(w.rt.  tensile  direction) 

Yield  Strength 
(ksi) 

Ultimate  Tensile 
Strength  (ksi) 

Elongation  % 
(in  2.54  cm) 

perpendicular 
(-325  mesh) 

65 

115 

36-66 

perpendicular 
(+100/-325  mesh) 

65 

115 

51 

parallel 
(-325  mesh) 

86 

117 

33 

annealed  bar12 

35 

85 

50 

Metallographic  cross-sections  of  volumetric  LENS  fabricated  parts  exhibit  no  textured  grain 
growth  across  the  deposition  layers.  Moreover,  Poisson’s  ratio  is  isotropic,  and  the  tensile  results 
do  not  show  any  preferred  properties  for  specimens  made  with  the  layers  perpendicular  or 
parallel  to  the  pull  direction. 
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Preliminary  work  with  HI  3  tool  steel  shows  that  it  is  readily  possible  to  make  components 
with  a  hardness  value  of  59.3  (Rockwell  C). 


SENSORS 

Although  this  process  has  proven  to  be  very  robust,  a  significant  amount  of  work  remains  to 
develop  the  LENS™  process  for  operation  in  a  manufacturing  environment.  The  current  system 
operates  as  an  open-loop  system,  where  it  depends  solely  on  the  reliability  of  the  laser  and  other 
system  components  to  reproduce  a  given  result.  Preliminary  results  from  current 
experimentation  suggests  that  improvements  can  be  made  in  process  reliability  by 
implementation  of  sensors  for  monitoring  the  process  and  providing  a  response  signal  for  closed- 
loop  process  control. 

Research  in  the  area  of  sensors  to  monitor  the  LENS  process  and  for  closed  loop  control  is 
ongoing.  Sensors  being  developed  include:  powder  mass  flow  for  accurate  flow  conditions  , 
thermal  monitoring  of  the  weld  pool  and  the  workpiece  to  obtain  uniformity  in  fabrication  and 
resulting  materiaLs  properties11,  pyrometry  to  monitor  characteristics  of  the  weld  pool  for 
feedback  control11,  and  in-situ,  z-height  determination  of  the  workpiece  in  relation  to  the  nozzle 
to  obtain  accurate  parts. 

CONCLUSIONS 

The  feasibility  of  fabricating  fully  dense,  solid  metallic  components  directly  from  a  CAD 
solid  model  has  been  demonstrated.  The  material  properties  obtained  using  alloys  such  as  the 
Inconel  625  and  316  stainless  steel  are  comparable  to  a  conventionally  processed  wrought 
material,  in  some  cases  the  material  properties  obtained  in  the  LENS™  fabricated  structure  far 
exceed  those  for  annealed  materials.  Dimensional  studies  have  shown  that  very  precise 
tolerances  can  be  achieve  in  the  horizontal  build  plane  and  the  data  generate  from  these  studies 
has  suggested  ways  to  control  and  improve  dimensional  accuracy  in  the  vertical  fabrication 
direction.  Further  work  is  underway  to  continue  to  improve  the  material  surface  finish  and 
modified  fabrication  techniques  are  being  explored  to  overcome  angular  limitations  imposed  by 
the  current  fabrication  approach. 
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1.  Introduction 

Currently  most  RP-Parts  are  used  for  visualisation,  assembly  checks  and  some  functional 
testing.  The  next  stage  between  these  functional  prototypes  and  the  pre-series  is  technical 
prototypes,  which  are  used  for  final  functional  testing  and  optimisation  of  the  production 
process.  These  must  not  only  have  the  same  material  as  the  series  parts,  but  must  also  be 
manufactured  with  the  same  production  process.  Due  to  the  second  of  these  requirements  layer 
manufacturing  processes  cannot  be  used  to  build  these  prototypes  directly,  but  they  can  be  used 
to  make  the  negative  moulds  or  tools. 

Two  new  RP-processes  based  on  laser  sintering  now  have  the  capability  to  produce  the  moulds 
and  tools  via  very  short  and  fast  process  chains.  Both  have  already  been  in  commercial  use  in 
Europe  for  about  one  year. 

The  first  process  manufactures  tools  for  injection  moulding  of  plastic  parts  by  Direct  Metal 
Laser  Sintering  (DMLS).  The  second  process,  called  the  Direct  Croning  Process  (DCP),  is  used 
to  build  sand  moulds  and  cores  for  sand  casting  of  metal  parts  directly  from  Croning-Sand 
without  any  tools.  These  technologies  have  been  developed  by  EOS  GmbH,  Munich,  and  are 
marketed  under  the  names  EOSINT  M  and  EOSINT  S  respectively. 


2.  Direct  Metal  Laser  Sintering  (DMLS) 

The  most  important  application  for  laser  sintering  of  metals  is  the  production  of  tooling  and 
moulds  for  injection  moulded  parts.  Two  fundamental  approaches  are  possible: 

•  Indirect  laser  sintering  with  organic  binder  followed  by  solid  state  sintering  in  a  furnace  III 

•  Direct  liquid  phase  sintering  (DMLS). 

EOS  has  concentrated  on  DMLS,  because  the  indirect  process  chain  makes  it  very  difficult  to 
achieve  the  narrow  tolerances  required  in  toolmaking  without  repeated  iterations.  With  DMLS 
it  is  possible  to  get  very  close  to  the  final  geometrical  and  material  properties  already  in  the 
direct  sintering  process,  thereby  avoiding  the  loss  of  time  and  accuracy  associated  with 
secondary  sintering  processes. 

2.1.  Material  and  process 

The  basic  composition  of  the  DMLS  material  was  developed  and  patented  in  the  late  1980s  by 
Electrolux  Rapid  Development,  Finland  for  tooling  production  by  pressureless  furnace 
sintering.  EOS  now  owns  the  exclusive  worldwide  licence  to  these  patents.  The  composition  of 
the  bronze-nickel  based  powder  was  described  at  the  last  two  SFF  symposia  in  Austin  121,  /3/. 
By  using  the  right  parameters  the  typical  shrinkage  due  to  the  liquid  phase  sintering  can  be 
completely  compensated  by  an  expansion  of  the  material  caused  by  diffusion  of  the 
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components  so  that  this  material  has  no  net  volume  change  during  the  laser  sintering  process. 

This  eliminates  the  need  for  a  high  temperature  environment,  which  is  otherwise  required  to 
reduce  the  internal  stresses  induced  during  laser  sintering  of  other  metal  powders.  The  DMLS- 
process  works  at  ambient  temperature. 

Due  to  the  small  laser  focus  of  350  pm  and  the  comparatively  high  scanning  speed  of  300-800 

mm/s  the  duration  of  heating  is  short  enough  to  avoid  oxidation  even  without  inert  gas  . 

atmosphere.  The  phosphor  content  of  the  third  material  component  inhibits  oxidation  of  the 

powder  mixture  and  also  improves  the  wetting  of  the  solid  particles  in  the  molten  phase. 

This  short  reaction  time  of  few  milliseconds  was  the  reason  for  the  relatively  poor  mechanical 
properties  of  the  first  laser  sintered  samples  of  the  initial  powder  mixture,  which  had  been 
optimised  for  furnace  sintering.  The  wetting  and  the  diffusion  reaction  were  not  completely 
finished  because  the  available  time  was  simply  to  short. 

During  the  last  nine  months  the  mechanical  properties  and  the  reliability  of  the  process  have 
been  significantly  improved  by  adapting  the  material  composition  to  the  specific  requirements 
of  the  laser  sintering  process. The  most  important  variations  are  an  icreased  content  of  the  liquid 
phase,  an  enlarged  surface  area  for  the  diffusion  and  an  optimisation  of  the  laser  and  scanning 
parameters. 

The  tensile  strength  of  the  green  part  has  been  improved  from  81  N/mm2  last  year  to  currently 
150  N/mm2  and  the  bending  strength  from  1 50  to  300  N/mm2. 

The  resulting  porosity  of  these  parts  when  sintered  without  shrinkage  to  obtain  the  highest 
accuracy  is  approximately  25%. 

The  green  parts  can  be  machined  just  like  an  aluminium  part  by  milling,  grinding,  drilling  etc. 
and  the  strength  is  already  sufficient  for  special  applications  like  blow-moulding  or 
vulcanisation  moulds. 

These  figures  can  be  improved  by  an  infiltration  process  that  fills  the  pores.  The  preferred 
infiltration  fluid  is  a  high  temperature  epoxy  resin,  because  this  secondary  process  has  no 
influence  on  the  accuracy  due  to  the  relatively  low  heat  impact  to  the  metal.  The  result  of  the  4 

infiltration  is  an  improvement  of  the  bending  strength  to  approx.  400  N/mm2  and  a  smoothing 
of  the  surface. The  hardness  after  the  infiltration  is  108  HB. 

The  infiltration  is  driven  by  the  capillary  forces,  only  the  rear  side  of  the  mould  must  be  dipped 
into  the  resin.  This  procedure  needs  about  half  an  hour,  the  post  curing  in  a  simple  oven  at 
160°C  needs  about  two  hours.  Preheating  of  mould  and  resin  to  60°C  accelerates  this  process 
and  reduces  the  residual  porosity. 

Silver-based  infiltrants  are  currently  in  the  evaluation  phase.  Although  the  mechanical 
properties  can  be  improved,  the  cost  of  the  necessary  equipment  and  the  loss  of  accuracy  due  to 
a  shrinkage  of  more  than  2%  are  a  major  disadvantage  /3/ . 

The  negligible  shrinkage  of  the  DMLS  process  enables  an  accuracy  of  epoxy  infiltrated  parts  of 
0.05  to  0.1%  in  the  first  trial,  which  is  even  comparable  to  stereolithography.  The  limit  for  the 
accuracy  is  the  mean  particle  size  of  35-40  pm.  Typical  layer  thicknesses  of  80-100  pm  are 
used  to  obtain  a  comparable  resolution  in  the  z-direction. 

The  roughness  of  the  infiltrated  part  is  about  Ra  =  3. .5  pm,  which  is  comparable  to  a  rough  ^ 

EDM  surface.  With  standard  manual  polishing,  a  roughness  of  Ra  <  1  pm  is  possible. 

The  heat  conductivity  of  the  sintered  tools  of  110  W/mK  is  slightly  lower  than  the  value  of 
aluminium. 
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2.2.  System 

All  EOS  laser  sintering  machines  are  designed  according  to  the  specific  requirements  of  the 
used  material  and  optimized  for  the  intended  application. 

The  main  difference  between  the  sintering  systems  for  metal  and  for  polymers  is  the  design  of 
the  optics  and  the  laser,  because  the  much  higher  sintering  temperature  of  approximately  900 
°C  requires  a  higher  power  density.  Therefore  the  focus  diameter  was  reduced  to  350  pm  and 
the  laser  power  was  increased  to  250  Watts.  The  power  density  thereby  was  increased  from  25 
W/mm2  for  plastic  powders  to  700  W/mm2  for  metal.  More  powerful  lasers  are  still  in  the  test 
phase. 

Since  no  preheating  of  the  powder  is  needed,  the  design  of  the  process  chamber  is  less 
complicated. 

The  working  area  of  the  EOSINT  M  250  machine  is  250  mm  square,  the  maximum  part  height 
is  150  mm.  With  a  density  of  the  sintered  material  of  6,1  g/cm3  the  maximum  weight  of  the  part 
is  more  than  50  kg. 

2.3.  Applications 

The  most  important  application  of  DMLS  is  the  production  of  prototype  tooling  for  injection 
moulding.  The  process  is  especially  useful  for  complex  moulds. 

If  the  geometry  of  the  tool  is  simple  enough  to  be  manufactured  just  by  milling,  the  rapid 
tooling  processes  generally  cannot  compete  against  high  speed  milling  machines. 

However  if  EDM  is  required  for  some  details  in  the  tools,  the  DMLS  process  is  usually  faster 
and  often  less  expensive  than  the  conventional  methods. 

Sintering  and  infiltration  of  the  mould  inserts  needs  only  1-2  days,  depending  on  the  size.  The 
time  needed  for  CAD  design  of  the  tool  and  for  finishing  and  mould  assembly  is  the  same  as  in 
the  conventional  process  for  aluminium  tools.  The  building  accuracy  of  the  split  planes  is 
sufficient  that  only  manual  finishing  is  needed,  thereby  eliminating  the  need  for  the  expensive 
and  time  consuming  design  of  an  offset  on  these  planes  and  an  additional  machining  step. 

Using  DMLS  several  service  bureaux  have  made  many  projects  in  a  total  processing  time  of 
only  one  week,  including  tool  concept,  CAD  design  of  the  tool,  DMLS,  infiltration,  finishing, 
mould  assembly  and  injection  moulding. 


i  _ ■■■  ••  •• . _ I _ ■: » 

Fie  1:  Top  and  bottom  view  of  a  motor  holder,  PA66/35%GF,  dia  230mm 


135 


ambient  temperature  this  coating  is  dry  and  hard.  The  total  resin  content  of  the  mixture  is  about 
5  %,  which  is  comparable  to  standard  foundry  sands.  The  use  of  this  material  for  building 
moulds  and  cores  by  laser-sintering  has  been  patented  by  EOS. 

At  a  temperature  of  150  -  200  °C  the  polymerisation  reaction  starts  and  leads  to  an  irreversible 
thermoset  bonding  between  the  sand  particles.  In  the  conventional  foundry  process  the  Croning 
sand  is  poured  over  hot  steel  tools  having  the  positive  part  geometry,  in  the  Direct  Croning 
Process  the  energy  input  is  completely  provided  by  a  C02  laser.  No  additional  preheating  of  the 
process  chamber  or  the  sand  is  necessary.  The  process  also  does  not  require  an  inert  gas 
atmosphere. 

The  sand  costs  are  about  1%  of  typical  stereolithography  resins  and  unsintered  sand  can  be 
reused  several  times. 

Due  to  the  low  binder  content  the  shrinkage  of  the  material  is  neglegible  (<  0.1%).  The 
accuracy  of  the  sintered  moulds  is  therefore  only  limited  by  the  positioning  accuracy  of  the 
scanners  and  the  particle  size  (for  fine  details). 

The  surface  quality  of  the  cast  parts  is  comparable  to  the  typical  figures  for  conventional  sand 
casting.  If  a  smoother  surface  is  required,  these  specific  regions  can  be  coated  with  the 
commonly  used  ceramic  blackwash. 


DCP  without  blackwash 

50  -  80  pm 

DCP  with  blackwash 

25  -  30  pm 

Green  sand 

50  -  70  pm 

Croning  shell 

20  -  40  pm 

1  ■  ■  .  .  *  .  ^  . 

Table  1:  Roughness  Ra  of  aluminium  castings  depending  on  the  mold  material 


Generally  every  alloy  that  can  be  used  for  sand  casting  can  also  be  used  with  DCP  moulds.  So 
far  various  alloys  of  aluminium,  magnesium,  iron  and  steel  have  been  cast  sucessfully. 


3.2.  System 

The  EOSINT  S700  sand  laser-sintering  machine  is  the  first  RP  system  to  use  a  twin-laser  setup. 
Each  laser  has  its  own  scanner  and  they  operate  simultaneously  and  in  parallel  to  effectively 
double  the  building  speed.  Each  of  these  scanner  heads  has  a  working  area  of  380mm  square, 
which  allowing  for  a  small  overlap  in  the  middle  gives  a  total  building  area  of  720  mm  by  380 
mm.  The  maximum  part  height  is  also  380  mm. 

The  sintered  parts  are  removed  from  the  machine  in  a  container  and  separated  from  the  loose 
sand  in  an  external  recycling  station.  The  machine  can  immediately  start  the  next  job.  The  high 
maximum  part  weight  of  more  than  200  kg  requires  a  special  handling  system  for  the  part 
containers,  which  is  supplied  with  the  machine. 

A  pneumatic  handling  system  is  also  included  in  the  machine  for  automatically  refilling  with 
sand  without  interrupting  the  building  process. 
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The  twin  head  design  and  the  high  scanning  speed  of  2000  mm/s  enable  a  very  high  process 
productivity.  Depending  on  the  complexity  of  the  geometry  the  typical  rate  is  0,8  -  1.5  kg  part 
weight  per  hour. 

3.3.  Applications 

Like  laser  sintering  of  thermoplastic  materials,  DCP  has  very  few  limitations  on  the  part 
complexity.  Almost  every  geometry  which  can  be  cast  can  also  be  built  with  this  process.  The 
limits  of  sand  casting  (e.g.  a  minimum  wall  thickness  of  1 .5-2  mm)  can  be  achieved  without 
problem. 

DCP  often  allows  the  design  of  the  mould  to  be  significantly  simplified,  for  example  no  draft 
angles  are  needed,  undercuts  are  easily  possible  and  the  number  of  the  necessary  core-pieces 
can  often  be  reduced,  (see  Fig  3) 


Fig  3:  Crankshaft  with  9  hollow  bearingseats,  casted  in  a  two-part  mould 


Although  DCP  has  many  applications  including  hydraulic  parts,  pump  components  etc.,  the 
most  important  one  is  the  production  of  prototype  parts  for  engine  development. 

The  potential  of  this  process  is  impressively  demonstrated  by  the  example  of  cylinder  head 
development.  Due  to  the  extremely  complex  geometry  of  this  component  with  internal  water 
cooling  channels,  valves  and  many  inlet/outlet  channels,  prototype  tooling  is  very  complicated 
and  difficult  to  manufacture.  The  time  required  between  CAD  design  and  the  first  casting  using 
conventional  methods  is  15-20  weeks.  Because  the  design  of  the  cylinder  head  has  a  very 
significant  influence  on  the  engine  performance,  many  iterations  and  optimisations  are 
necessary  for  this  component.  Therefore  this  part  is  usually  the  most  time-critical  component 
which  determines  the  duration  of  the  engine  development. 

The  build  time  for  a  1  -cylinder  head  using  DCP  is  only  2  days,  for  a  4  cylinder  head  about  one 
week.  Together  with  the  additional  design  of  the  mould  and  the  runner/gating  system  which  is 
needed  anyway,  the  total  processing  time  of  a  new  head  can  be  reduced  to  2  -  3  weeks,  which 
means  a  time  saving  of  80% !  The  DCP-produced  cylinder  heads  are  virtually  identical  to  series 
parts  and  can  run  in  test  engines. 
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These  figures  are  based  on  the  experiences  of  the  beta  customer  BMW,  who  was  involved  in 
the  development  of  the  system  and  the  process  from  the  start.  With  the  two  units  that  were 
installed  in  their  foundry  6  and  12  months  ago  they  have  already  cast  almost  100  different 
engine  designs.  The  other  partners  of  the  beta  test  programme  are  Mercedes  Benz  and  several 
service  bureaux  that  work  for  the  automotive  industry. 


Fig  4:  Core  for  the  water  cooling  jacket  of  a  1-cylinder  test  engine 


The  high  build  speed  makes  it  possible  to  produce  not  only  single  prototypes  but  also  small 
series.  The  biggest  order  so  far  for  one  of  the  service  bureaux  was  the  production  of  1000 
complicated  cores  (120  x  120  x  80  mm)  for  a  water  jet  system. 

4.  Conclusions 

The  production  of  technical  prototypes  (i.e.  in  series  materials  and  with  series  production 
techniques)  by  Rapid  Prototyping  was  until  recently  only  possible  via  Rapid  Tooling  process 
chains  involving  at  least  one  conversion  process,  due  to  the  limitations  of  the  available  RP 
materials.  The  recent  introduction  of  Direct  Metal  Laser  Sintering  (DMLS)  and  the  Direct 
Croning  Process  (DCP)  has  for  the  first  time  enabled  the  direct  production  of  tooling  and 
moulds  for  injection  moulding  and  sand  casting  respectively,  and  thereby  the  fast  and  efficient 
production  of  technical  prototypes  in  both  plastics  and  metals.  This  marks  a  very  significant 
advance  in  Rapid  Prototyping  and  Tooling  technology.  The  ability  of  DCP  to  directly 
manufacture  one-off  and  small-series  parts  with  identical  quality  to  conventional  sand-cast 
series  parts  has  also  for  the  first  time  made  the  breakthrough  into  true  Rapid  Manufacturing. 


Since  neither  the  sharpness  of  the  edges  nor  the  levels  of  form  and  dimensional  accuracy 
achieved  meet  the  requirements  of  a  pre-series  tool,  the  contour  of  the  part  is  milled.  The  upper 
surfaces  also  undergo  a  milling  operation  to  keep  the  distance  between  the  upper  edge  of  the  last 
deposited  layer  and  the  lower  edge  of  the  powder  nozzle  constant,  Figure  2.  Similar  to  the  other 
Rapid  Prototyping  techniques,  the  workpiece  is  created  layer  by  layer. 


process  steps 


Figure  2:  Process  steps  of  CMB 

CMB  allows  processing  of  numerous  metallic  materials  ranging  from  bronze  through 
steel  to  hard  alloys  which  are  frequently  used  to  protect  against  wear.  Since  CMB  is,  in  contrast 
to  conventional  cutting  operations,  a  generative  process,  narrow,  deep  grooves  may  easily  be 
produced  using  a  constant,  low  engagement  depth  of  the  milling  tool.  The  suitability  of  this 
method  for  automation  in  comparison  to  e.g.  conventional  5-axis  milling  is  a  powerful 
advantage.  By  virtue  of  the  layer-by-layer  nature  of  this  technique,  the  CAD  data  may  be 
processed  quickly  and  with  considerably  less  effort. 

The  test  facility  at  the  Fraunhofer  IPT  is  essentially  a  high  speed  milling  machine 
supplied  by  the  Albrecht  Roders  company  on  which  a  laser  generating  head  has  been  mounted, 
Figure  3.  To  date,  simple  geometries  have  been  built  using  different  materials  in  order  to 
investigate  the  principle  underlying  the  CMB  process  (Figure  3). 


Selective  Laser  Sintering 

Current  approaches  to  sinter  metallic  powders  are  concentrated  on  the  direct  or  indirect 
sintering  of  the  chosen  material.  Indirect  sintering,  deploying  a  binder  phase  (e.g.  a  polymer),  has 
the  advantage  that  only  the  binder  material  needs  to  be  melted,  most  of  the  time  at  a  low 
temperature  allowing  manufacturing  of  metallic  parts  using  conventional  plastic  sintering 
machines.  However,  the  workpiece  must  be  debindered  and  infiltrated,  causing  loss  of  accuracy 
and  prolonging  the  time  needed  for  manufacture.  Direct  sintering  is  aimed  at  melting  the  chosen 
material  during  the  SLS  process  directly,  eliminating  the  need  for  debindering.  However,  since 
processes  currently  industrially  available  leave  the  parts  with  a  porosity  of  about  70%,  infiltration 
is  still  necessary  to  achieve  full  density.  Another  problem  related  to  direct  sintering  of  metallic 
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These  technologies  have  also  introduced  new  technical  innovations  which  are  pushing  RP 
technology  forwards.  EOSINT  M  250  is  the  first  commercial  system  to  build  parts  directly  in 
metal,  while  EOSINT  S  700  is  the  first  RP  system  worldwide  to  use  two  laser-scanner  systems 
in  parallel  for  increased  productivity. 

Due  to  the  considerable  time-saving  benefits  of  these  new  technologies  they  have  established 
themselves  very  rapidly  in  Europe.  EOSINT  M  and  EOSINT  S  systems  have  been  in  use  at 
service  bureaux  and  industrial  end-users  since  the  summer  of  1995,  including  such  reference 
names  as  BMW,  Mercedes  and  Electrolux.  These  companies  are  already  experiencing  the 
technical  and  commercial  advantages  of  true  Rapid  Tooling,  and  the  growing  user-experience 
being  generated  by  the  rapidly  expanding  customer  base  is  indicating  a  number  of  exciting  new 
applications  which  will  be  reported  in  future. 


References 

III  Badrinarayan  B.  and  Barlow,  J.  W., “Metal  Parts  from  Selective  Laser  Sintering  of 

Metal-Polymer  Powders“,  Solid  Freeform  Fabrication  Symposium,  Austin  1992,  141- 
146 

111  M.  Sindel,  T.  Pintat,  M.  Greul,  O.  Nyrhila,  C.  Wilkening, “Direct  Laser  Sintering  of 
Metals  and  Metal  Melt  Infiltration  for  Near  Net  Shape  Fabrication  of  Components44, 
Solid  Freeform  Fabrication  Symposium,  Austin  1994,  94-101 

111  T.  Pintat,  M.  Greul,  M.  Greulich,  C.  Wilkening, “Accuracy  and  Mechanical  Behavior  of 
Metal  Parts  Produced  by  Laser  Sintering44,  Solid  Freeform  Fabrication  Symposium, 
Austin  1995,  72-78 


140 


Direct  Manufacturing  of  Metal  Prototypes  and  Prototype  Tools 

Prof.  Dr.-Ing.  Fritz  Klocke,  Dipl.-Ing.  H.  Wirtz,  Fraunhofer  Institute  of  Production  Technology, 

Aachen,  FRG 

Dipl.-Phys.  W.  Meiners,  Fraunhofer  Institute  of  Laser  Technology,  Aachen,  FRG 


Abstract 

Due  to  the  limited  mechanical  characteristics  of  the  materials  which  can  currently  be 
processed  using  industrially  available  Rapid  Prototyping  machines,  a  lot  of  research  is  focused  on 
the  development  of  techniques  which  allow  a  direct  manufacturing  of  metallic  parts.  These 
include  Selective  Laser  Sintering  and  Controlled  Metal  Build  Up.  Both  methods  produce  the 
workpiece  not  by  removal  of  material  but  by  a  layerwise  deposition  and  local  melting  or  sintering 
of  a  powder  material  without  part-specific  tooling. 

Controlled  Metal  Build  Up  is  a  new  Rapid  Prototyping  technique  similar  to  Fused 
Deposition  Modeling  combining  laser  generating/welding  with  conventional  2Vi  dimensional 
milling.  Due  to  the  excellent  surface  quality  and  high  dimensional  and  form  accuracy  achievable 
with  Controlled  Metal  Build  Up,  this  technology  offers  an  interesting  alternative  to  the 
conventional  time  consuming  processes  for  the  manufacture  of  prototype  tools  required  for 
limited  production  runs. 

With  respect  to  Selective  Laser  Sintering,  a  test  facility  was  developed  for  experimental 
investigations  into  the  direct  sintering  of  low  and  high  melting  metallic  powders  without  the  use 
of  a  polymer  binder  as  well  as  ceramic  powders.  Great  potential  is  expected  from  Selective  Laser 
Sintering  concerning  the  prototyping  of  molds  and  dies. 

This  paper  will  discuss  current  developments  for  these  two  techniques  as  well  as  point  out 
possible  applications  and  future  developments. 


Introduction 

Recent  developments  in  Rapid  Prototyping  have  to  a  large  extent  been  focused  on  the 
manufacture  of  prototypes  with  characteristics  closely  corresponding  to  the  characteristics  of  the 
serial  part  being  developed,  allowing  functional  testing  [1,  2,  3,  4].  The  production  of  a  prototype 
suitable  for  functional  testing  requires  the  prototype  to  be  identical  to  the  serial  part  in  shape, 
material  and  production  process.  While  the  first  requirement  is  being  thoroughly  adressed 
through  e.g.  constant  improvement  of  machine  accuracy,  the  second  requirement  has  only 
sufficiently  been  met  for  a  small  number  of  plastics  [1,  3,  4],  During  1995,  two  commercial 
Rapid  Prototyping  systems  for  the  manufacture  of  metal  parts  (DTM  RapidTool,  EOS  EOSINT 
M)  were  released  [5,  6],  The  fast  generation  of  metallic  tools  e.g.  for  injection  molding  enables 


141 


the  production  of  prototypes  in  large  quantities  that  exactly  match  the  characteristics  of  the  seiial 
part. 

However,  these  two  new  Rapid  Prototyping  systems  have  some  drawbacks.  The 
RapidTool  process  brought  into  the  market  by  DTM,  utilizing  a  polymer-coated  steel  powder  for 
Selective  Laser  Sintering,  is  characterized  by  several  time  consuming  infiltrations  and  pait 
shrinkage  during  burn-out  of  the  binder  [5],  EOS  selectively  sinters  a  bronze-nickel  powder  and 
parts  also  need  to  be  infiltrated  to  achieve  full  density  [6].  Both  processes  require  extensive  part 

finishing  [5,  6]. 

To  overcome  the  problems  associated  with  part  density  and  accuracy,  the  IPT  has 
developed  a  new  process  called  Controlled  Metal  Build  Up  (CMB)  in  close  cooperation  with 
Albrecht  Roders  GmbH  &  Co.  KG,  Soltau,  Germany,  which  combines  laser  generating  with  high 

speed  milling. 

Research  being  conducted  in  the  field  of  Selective  Laser  Sintering  is  focused  on  the 
machinability  of  conventional  tool  steel  to  high  densities  as  well  as  light  metals  and  ceramics. 


Controlled  Metal  Build  Up 

Controlled  Metal  Build  Up  is  based  on  laser  generating,  a  technique  pioneered  at  the 
Fraunhofer  Institute  of  Production  Technology  IPT  [7,  8,  9,  10],  A  metal  powder  is  blown  into  a 
focused  laser  beam  and  completely  melted  inside  a  nozzle,  Figure  1 .  A  fine  bead  of  material  is 
deposited  beyond  the  nozzle  onto  the  surface  of  the  workpiece  while  the  equipment  is  moved  to 
scan  the  inner  regions  and  the  outline  of  the  part. 


Figure  1 :  Powder  nozzle  used  for  CMB  and  principle  of  operation 
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Since  neither  the  sharpness  of  the  edges  nor  the  levels  of  form  and  dimensional  accuracy 
achieved  meet  the  requirements  of  a  pre-series  tool,  the  contour  of  the  part  is  milled.  The  upper 
surfaces  also  undergo  a  milling  operation  to  keep  the  distance  between  the  upper  edge  of  the  last 
deposited  layer  and  the  lower  edge  of  the  powder  nozzle  constant,  Figure  2.  Similar  to  the  other 
Rapid  Prototyping  techniques,  the  workpiece  is  created  layer  by  layer. 


process  steps 


Figure  2:  Process  steps  of  CMB 

CMB  allows  processing  of  numerous  metallic  materials  ranging  from  bronze  through 
steel  to  hard  alloys  which  are  frequently  used  to  protect  against  wear.  Since  CMB  is,  in  contrast 
to  conventional  cutting  operations,  a  generative  process,  narrow,  deep  grooves  may  easily  be 
produced  using  a  constant,  low  engagement  depth  of  the  milling  tool.  The  suitability  of  this 
method  for  automation  in  comparison  to  e.g.  conventional  5-axis  milling  is  a  powerful 
advantage.  By  virtue  of  the  layer-by-layer  nature  of  this  technique,  the  CAD  data  may  be 
processed  quickly  and  with  considerably  less  effort. 

The  test  facility  at  the  Fraunhofer  IPT  is  essentially  a  high  speed  milling  machine 
supplied  by  the  Albrecht  Roders  company  on  which  a  laser  generating  head  has  been  mounted, 
Figure  3.  To  date,  simple  geometries  have  been  built  using  different  materials  in  order  to 
investigate  the  principle  underlying  the  CMB  process  (Figure  3). 


Selective  Laser  Sintering 

Current  approaches  to  sinter  metallic  powders  are  concentrated  on  the  direct  or  indirect 
sintering  of  the  chosen  material.  Indirect  sintering,  deploying  a  binder  phase  (e.g.  a  polymer),  has 
the  advantage  that  only  the  binder  material  needs  to  be  melted,  most  of  the  time  at  a  low 
temperature  allowing  manufacturing  of  metallic  parts  using  conventional  plastic  sintering 
machines.  However,  the  workpiece  must  be  debindered  and  infiltrated,  causing  loss  of  accuracy 
and  prolonging  the  time  needed  for  manufacture.  Direct  sintering  is  aimed  at  melting  the  chosen 
material  during  the  SLS  process  directly,  eliminating  the  need  for  debindering.  However,  since 
processes  currently  industrially  available  leave  the  parts  with  a  porosity  of  about  70%,  infiltiation 
is  still  necessary  to  achieve  full  density.  Another  problem  related  to  direct  sintering  of  metallic 
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powders  is  shrinkage  and  the  induction  of  thermal  stresses  resulting  in  distorted  and  curled  parts 
The  development  of  materials  with  virtually  no  shrinkage  (EOS)  has  to  some  extent  eliminated 
this  problem,  however  neglecting  the  desire  to  be  able  to  produce  parts  out  of  the  material  used  in 

series  production. 


Figure  3:  CMB  test  facility  at  the  IPT  and  simple  generated  geometry 

A  test  facility  was  developed  at  the  IPT  for  direct  sintering  of  powder  materials.  The 
process  chamber  of  the  test  facility  may  be  flooded  with  inert  gas  to  avoid  oxidization  during 
sinterin'*.  The  powder  is  supplied  by  a  powder  cylinder  and  spread  across  the  part  cylinder  with 
an  aluminum  wiper.  The  test  facility  is  equipped  with  a  Nd:YAG-Laser  with  a  maximum  output 

power  of  300  W. 

Research  conducted  at  the  Fraunhofer  Institute  of  Production  Technology  is  focused  on 
the  direct  sintering  of  metallic  parts.  Emphasis  is  put  on  achieving  high  densities  during  the  SES 
process  by  a  careful  adjustment  of  the  process  parameters,  while  maintaining  a  good  surface 
quality.  This  way  it  is  hoped  that  infiltration  can  be  dispensed  with  without  increasing  the  effort 
necessary  for  finishing. 

Figure  4  demonstrates  the  influence  of  laser  power  PL ,  scan  velocity  v,  and  hatch  spacing 
on  typical  workpiece  quality  parameters.  Here,  a  single  layer  of  bronze  was  sintered  using  3 
different  energy  densities  by  varying  the  above  mentioned  parameters  according  to 


and  measuring  the  resulting  sintering  depth,  density  and  surface  roughness. 
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material:  CuSn  89/1 1 
particle  size:  <  45  pm 

variation  of  hatch  spacing 
It'  variation  of  scan  speed 
H  variation  of  laser  power 


energy  density  J/mm2  energy  density  J/mm2 


Figure  4:  Influence  of  energy  density  on  layer  sintering 

Increasing  the  energy  density  by  increasing  laser  power  or  decreasing  scan  velocity  leads 
to  higher  sintering  depths,  while  decreasing  hatch  spacing  has  almost  no  influence  on  the 
thickness  of  a  layer.  A  possible  explanation  is  that  for  small  hatch  spacings,  most  of  the  light  of 
the  laser  beam  is  reflected  or  absorbed  from  the  previously  drawn,  solid  line  which  has  a 
coefficient  of  absorption  significantly  less  than  the  one  of  the  powder.  The  amount  of  energy 
absorbed  by  the  line  melts  the  material  again  without  adding  further  to  the  sintering  depth.  The 
amount  of  energy  absorbed  by  the  powder  itself  is  small  for  small  hatch  spacings,  thus  not 
increasing  the  sintering  depth  any  further. 

The  density  of  the  single  layer  increases  with  increasing  energy  density.  A  variation  of 
hatch  spacing  or  scan  velocity  has  a  greater  effect  on  density  than  a  variation  of  laser  power, 
since  the  melted  agglomerates  of  material  are  positioned  closer  together  for  slower  scan  speeds 
and  smaller  hatch  spacings.  Thus,  an  increase  in  scan  velocity  may  not  be  compensated  by  an 
increase  in  laser  power. 

The  surface  roughness  increases  with  increasing  laser  power.  Higher  laser  powers  lead  to 
the  formation  of  large,  segregated  agglomerates,  being  the  reason  for  a  poor  surface  quality. 
Decreasing  the  scan  velocity  also  causes  an  aggregation  of  solidified  material,  increasing  surface 
roughness  until  the  velocity  is  so  low  that  it  allows  formation  of  continuous  solid  lines.  Once 
continuous  solid  lines  may  form,  the  surface  quality  is  enhanced.  Decreasing  hatch  spacing 
improves  surface  quality  due  to  a  continuous  melting  of  small  amounts  of  powder  that  attach  to 
the  previously  solidified  material. 

The  Fraunhofer  Institute  of  Production  Technology  is  working  in  collaboration  with  the 
Fraunhofer  Institute  of  Laser  Technology  on  the  development  of  SLS  of  steels,  light  alloys  and 
ceramics.  By  a  careful  adjustment  of  process  parameters,  especially  scan  vector  length,  the 
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Fraunhofer  Institute  of  Laser  Technology  was  able  to  produce  SLS  test  parts  made  of  stainless 
steel  with  a  density  greater  than  95%  and  an  acceptable  surface  quality.  Figure  5  shows  the  test 
parts  (the  surface  was  milled  to  visualize  the  full  density  of  the  workpieces)  and  a  cross-sectional 
view,  displaying  the  low  porosity.  A  tool  was  sintered  for  verification  of  the  suitability  of  this 

process  for  injection  molding,  Figure  6. 


Figure  5: 


Stainless  steel  test  parts  (10  x  10  x  10  mm3)  and  cross-sectional  view 


Figure  6:  Stainless  steel  tool  for  injection  molding  of  rubber  parts 

The  ILT  and  IPT  were  also  able  to  sinter  silicon  carbide  (SiC)  directly  without  utilizing  a 
binder  material,  Figure  7.  The  resulting  green  part  may  be  infiltrated  with  silicium  and  reaction 
sintered  to  a  fully  dense  ceramic  part. 
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Figure  7:  Test  part  (10  x  10x3  mm'’)  sintered  from  SiC  ceramic 


Conclusion 

Controlled  Metal  Build  Up  and  Selective  Laser  Sintering  are  both  promising  methods  for 
generating  parts  and  tools  out  of  powder  materials.  While  two  commercial  SLS  processes  for  the 
sintering  of  metal  materials  are  commercially  available,  there  are  still  many  issues  that  need  to  be 
dealt  with  to  make  SLS  of  metals  and  ceramics  applicable  for  widespread  industrial  use. 
Research  at  the  Fraunhofer  Institute  of  Production  Technology  is  focused  on  the  production  of 
fully  dense,  accurate  parts  with  a  good  surface  quality  through  both  of  the  above  mentioned 
processes.  The  manufacture  of  various  test  parts  have  shown  the  feasibility  of  these  methods  for 
the  rapid  prototyping  of  parts  and  tools.  Current  developments  in  collaboration  with  the 
Fraunhofer  Institute  of  Laser  Technology  are  aimed  at  gaining  a  deeper  understanding  of  the 
pricinples  of  SLS  of  metals,  especially  steel,  and  extending  the  machinable  range  of  materials  to 

ceramics. 
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ABSTRACT 

Tooling  development  can  be  quite  time  consuming  and  costly.  Several  iterations  may  be 
required,  and  later  product  or  process  modifications  may  necessitate  tooling  redesign.  Rapid 
prototyping  techniques  capable  of  meeting  the  structural  requirements  of  short-run  and  end-use 
tooling  will  have  a  significant  impact  on  the  product  development  cycle.  This  paper  presents  a 
technique  for  producing  tooling  using  the  Freeform  Powder  Molding  process.  Resulting  tooling 
can  be  made  from  a  wide  variety  of  readily  available  metal  powders,  and  mechanical  properties  can 
be  tailored  for  customized  tool  design  and  fabrication.  The  example  presented  in  this  paper  focuses 
on  the  rapid  production  of  tooling  for  sheet  metal  forming. 

1.  INTRODUCTION 

Since  the  emergence  of  the  first  commercial  Solid  Freeform  Fabrication  (SFF)  processes, 
SFF  system  production  rates  have  been  unable  to  match  the  rates  of  conventional  high-volume 
manufacturing  operations  such  as  injection  molding,  die  casting,  and  stamping.  While  substantial 
progress  has  been  made  toward  producing  SFF  components  from  engineering  materials, 
throughput  limitations  continue  to  remain  a  formidable  obstacle  to  the  deployment  of  SFF  systems 
in  production.  If  these  systems  can  be  used  to  produce  tooling  for  high- volume  manufacturing 
processes,  then  throughput  limitations  can  be  surmounted  while  realizing  many  of  the  benefits 
associated  with  SFF,  and  more  generally  with  Rapid  Prototyping  (RP).  This  use  of  RP  to  make 
tooling  offers  one  means  for  realizing  Rapid  Tooling  (RT).  Rapid  tooling  allows  early 
implementation  of  production  manufacturing  techniques  and  materials  to  evaluate  product  designs 
earlier  in  the  development  cycle  than  is  possible  where  conventional  techniques  are  used  to 
fabricate  tooling. 

This  paper  introduces  a  technique  for  quickly  producing  tooling  based  on  the  two-material 
Freeform  Powder  Molding  (FPM)  concept  [1],  and  the  notion  of  freeze  molding  [2],  While  much 
work  has  been  published  on  the  use  of  RP  parts  as  patterns  [3-5],  particularly  for  casting 
applications  [6-8],  this  work  describes  the  direct  use  of  an  RP  part  as  a  mold  for  shaping  metal 
powder.  The  resulting  molded  metal  object  then  serves  as  tooling  for  sheet  metal  forming.  Before 
discussing  details  of  tooling  production,  a  brief  introduction  to  FPM  and  freeze  molding  are 
provided. 

1.1  Freeform  Powder  Molding 

The  FPM  process  relies  on  material  behavior  differences  to  selectively  define  component 
shape  [1].  By  arranging  powders  with  different  diffusion  kinetics  within  some  confining  volume, 
it  is  possible  to  process  the  entire  volume  and  cause  only  one  of  the  materials  to  consolidate  while 
the  other  remains  a  loose  powder.  This  is  illustrated  in  Figure  1,  where  material  that  consolidates  is 
termed  part  powder  and  material  which  does  not  consolidate  is  termed  tool  powder.  In  this 
example,  the  part  powder  represents  a  part  which  will  become  the  tooling  used  for  metal  forming. 
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The  tool  powder  essentially  forms  soft  tooling  which  both  supports,  and  in  conjunction  with  the 
part  powder,  defines  the  shape  of  the  resulting  component. 

Although  originally  envisioned  as  a  layer-wise  SFF  process,  the  underlying  process  concept 
can  be  applied  when  alternative  shape  defining  techniques  such  as  freeze  molding  are  employed. 
Powder  can  be  shaped  by  molding,  and  then  surrounded  with  tool  powder  to  preserve  its  shape 
during  carrier  melting  and  subsequent  removal. 

1.2  Freeze  Molding 

Freeze  molding,  also  referred  to  as  freeze  casting,  presents  a  low-cost  alternative  to  powder 
processing  techniques  requiring  costly  tool  sets.  Freeze  molding  was  originally  explored  to  bring 
concurrency  to  FPM  process  development  and  distortion  compensation  research  [9];  however,  the 
results  of  this  work  suggest  it  has  merit  as  a  secondary  material  conversion  alternative  for  RP.  A 
slurry  of  powder  and  carrier  is  introduced  into  a  mold  at  low  (or  no)  pressure  and  the  mixture  is 
frozen  [2].  Molds  can  be  fabricated  from  a  variety  of  inexpensive  materials  which  can  be  easily 
machined  or  they  can  be  produced  by  a  variety  of  commercial  RP  processes.  Since  the  powder 
slurry  is  not  injected  into  the  molds  under  high  pressure,  the  geometric  complexity  of  the  molds 
may  be  limited. 

Aqueous  carriers  are  used  because  they  can  be  easily  frozen.  Carriers  may  contain  additional 
constituents  which  support  the  development  of  green  strength  after  shaping  of  the  powder  compact 
and  sublimation  of  the  principal  carrier  component.  The  presence  of  some  organic  binder  is 
particularly  important  if  the  compact  is  dried  rapidly,  as  this  can  cause  cracks  within  the  compact 
[10].  Unfortunately,  carrier  sublimation  takes  a  long  time  and  this  disadvantage  is  similar  to  the 
debinding  operation  necessary  with  powder  injection  molding  [2]. 

While  typical  freeze  molding  requires  carrier  sublimation  and  compact  green  strength 
development,  these  are  not  required  when  coupling  freeze  molding  with  FPM. 

2.  RAPID  TOOLING  PRODUCTION  PROCEDURE 

The  following  procedure  is  used  to  produce  tooling.  A  mold  is  created  by  RP  and  used  to 
shape  a  powder  mass.  This  powder  is  subsequently  sintered  to  realize  a  solid  component  which 
has  the  physical  properties  required  of  tooling.  The  resulting  tooling  is  used  to  make  the  final 
desired  component,  which  in  this  application  is  formed  sheet  metal.  Figure  2  depicts  the  sequence 
of  operations  used  for  rapid  tooling  production.  While  oversimplified  by  this  depiction,  this 
procedure  was  quite  straight-forward  and  efficient  to  implement.  The  complete  rapid  tooling 
sequence  from  die  design  to  sheet  metal  forming  could  be  completed  in  only  four  days  given  this 
simple  forming  geometry. 

2.1  Powder  Selection  &  Preparation 

Rapid  tooling  was  fabricated  using  both  Anval  316  stainless  steel  powder  with  a  particle  size 
of  -325  mesh/+16  |im  and  Novamet  4SP  elemental  nickel  powder  with  a  particle  size  of 
-20  pm/+10  pm.  Both  powders  are  chemically  compatible  with  the  carrier  used  during  freeze 
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molding.  Both  powders  also  have  relatively  small  particles  to  promote  rapid  sintering  to  maximum 
density  given  loose  powder  preforms.  The  small  particles  help  to  develop  a  fine  grained 
microstructure  in  the  resulting  sinter-body  which  leads  to  improved  mechanical  properties.  Both 
powders  have  particles  of  spherical  morphology  so  they  pack  to  a  high  initial  density,  relative  to 
irregularly  shaped  powder,  in  the  absence  of  external  compaction  pressure. 


An  aqueous  carrier  comprized  of  water  with  10%  by  volume  ethyl  alcohol  to  facilitate  particle 
wetting  was  used  in  this  work.  This  carrier  was  selected  because  it  was  easily  frozen  and  later 
removed  from  the  powder.  No  additional  organic  binding  constituents  were  necessary  since  the 
modified  freeze  molding  procedure  does  not  require  that  the  compact  develop  green  strength  or  that 
it  withstand  sublimation  which  may  lead  to  crack  formation.  Each  powder  was  manually  stirred 
into  the  carrier,  and  sufficient  carrier  was  used  to  ensure  the  powder  remained  completely 
saturated. 

The  powder  used  to  support  the  rapid  tooling  in  the  frozen  state  and  during  sintering,  known 
as  tool  powder  given  the  FPM  process  definition,  was  Norton  #204  yttria  zirconia.  Also  spherical 
in  shape,  this  powder  has  a  broad  powder  size  distribution  below  180  (am.  It  is  important  that  this 
powder  have  sufficiently  different  diffusion  kinetics  such  that  it  will  not  sinter  at  the  given 
processing  conditions. 

2.2  Mold  Fabrication  &  Filling 

Molds  suitable  for  shaping  the  powder  slurry  described  previously  can  be  made  in  a  variety 
of  ways  provided  the  mold  material  can  withstand  the  temperatures  required  to  freeze  the  powder 
slurry  and  is  compatible  with  slurry  chemistry.  To  realize  the  many  benefits  of  rapid  prototyping 
which  contribute  to  this  rapid  tooling  process,  the  molds  should  be  produced  using  manufacturing 
automation  guided  by  CAD  model  information.  A  major  goal  of  this  effort  was  to  show  that  RP 
parts  can  be  used  directly  to  cast  the  powder  slurry.  Molds  were  produced  both  by  the 
Stereolithography  process  and  by  NC  machining.  These  are  shown  in  Figures  3  and  4, 
respectively.  Relatively  simple  die  shapes  were  selected  for  the  sheet  metal  forming  example  in 
this  paper  to  simplify  mold  design  and  fabrication. 


Figure  3  -  SOMOS  61 10™  SLA  Mold  Set 
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Figure  4  -  Acetal  Resin  NC  Machined  Mold  Set 


This  tooling  geometry  is  similar  to  the  ball  punch  deformation  test  specified  by  ASTM  E643  [11], 
Sintering  furnace  size  also  restricted  the  tooling  size. 

The  molds  were  designed  to  produce  dies  with  a  suitable  clearance  to  accommodate  the 
0.033”  sheet  metal  thickness.  A  draft  angle  of  3°  was  designed  into  the  vertical  walls  of  the  mold  to 
facilitate  part  ejection.  Each  mold  is  designed  to  attach  to  a  backing  plate  (not  shown)  which 
provides  a  flat  surface  on  the  back  of  each  metal  forming  tool  necessary  for  attachment  to  press 
equipment.  Molds  are  filled  from  one  side  via  a  rectangular  gate.  Mold  filling  is  performed 
manually  under  the  influence  of  gravity.  The  molds  are  lightly  tapped  as  the  powder: slurry  is  added 
to  facilitate  the  powder  fill. 

2.2.1  Stereolithography  Molds 

One  set  of  molds  was  fabricated  directly  by  Stereolithography  (SLA)  using  a  3D  Systems 
SLA-250/40.  The  molds  were  fabricated  from  the  recently  introduced  DuPont  SOMOS™  61 10 
epoxy  photopolymer  resin  using  0.006”  thick  build  layers. 

Geometry  for  these  molds  was  designed  using  Pro/Engineer  and  exported  as  an  STL  facet 
file  with  a  chordal  deviation  set  to  0.0004”  to  minimize  tessellated  surface  artifacts.  Such  artifacts 
were  nearly  impossible  to  observe  in  the  manufactured  parts;  however,  the  well-documented  spatial 
aliasing  (stair-stepping)  caused  by  layer-wise  fabrication  was  evident.  The  molds  were  used  in  as- 
manufactured  condition  without  manual  post-processing  (e.g.  sanding,  polishing,  etc.),  with 
exception  of  the  manual  filling  of  a  small  hole  added  for  trapped-volume  pressure  equalization 
during  resin  recoating  [12],  Prior  to  slurry  filling  a  silicone-based  molding  release  agent  was 
applied  to  the  SOMOS  6110  material. 

2.2.2  NC  Machined  Molds 

Another  set  of  molds  was  fabricated  by  NC  machining  using  an  acetal  resin  (DuPont 
Delrin™).  This  material  machines  easily  and  yields  a  high  quality  surface  finish  without 
subsequent  hand  finishing.  It  has  been  used  extensively  in  other  freeze  molding  shaping 
applications  [9]. 

Molds  were  fabricated  by  NC  machining  to  illustrate  the  potential  role  that  more  conventional 
manufacturing  processes  hold  for  rapid  tooling.  The  benefits  of  solid  modeling  and  ease  with 
which  information  is  handled  by  SFF  processes  became  painfully  clear  during  the  2D  mold  design 
and  CAM  path  planning  steps  leading  to  cutting  the  molds.  These  activities  accounted  for  much 
greater  delay  than  actually  cutting  the  plastic  mold  material.  However,  for  a  fair  comparison  to  be 
made  between  SFF  and  NC  machining  RP  approaches,  both  processes  should  be  driven  from  a  3D 
solid  model. 

2.3  Modified  Freeze  Molding 

A  variant  of  the  freeze  molding  procedure  described  in  section  1.2  was  used  to  shape  the 
powder  which  ultimately  becomes  the  rapid  tooling  of  interest.  Molds  filled  with  the  powder/carrier 
slurry  were  frozen  using  dry  ice,  with  both  the  SOMOS  6110  and  acetal  molds  first  cooled  to  in  a 
refrigerator  freezer  to  reduce  the  potential  for  mold  damage  due  to  thermal  shock  [12], 

After  30  minutes  in  the  dry  ice,  the  molds  were  returned  to  room  temperature  (-20°  C)  and 
allowed  to  warm  for  approximately  4  minutes.  The  molds  are  inverted  and  taped  gently  until  the 
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still-frozen  powder  mass  is  released  from  the  mold.  The  frozen  powder  mass  is  placed  in  a  furnace 
boat  on  a  layer  of  FPM  tool  powder  and  then  subsequently  surrounded  with  more  tool  powder 
before  slurry  melting  begins. 

The  frozen  powder  slurry  is  allowed  to  melt,  as  the  furnace  boat  remains  at  room  temperature 
throughout  storage  and  transport  to  the  sintering  furnace.  The  FPM  tool  powder  is  sufficient  to 
retain  tool  powder  shape  during  carrier  melting.  The  presence  of  the  tool  powder  may  also  facilitate 
carrier  removal  through  capillary  action  by  wicking  the  carrier  away  from  the  part  powder  as  has 
been  demonstrated  for  debinding  powder  injection  molded  components  [2].  Since  sublimation  is 
not  required  for  carrier  removal  and  since  the  part  does  not  need  to  develop  green  strength  to  be 
self-supporting,  no  organic  binder  constituents  are  used  in  the  carrier  mixture. 

2.4  Carrier  Removal  &  Sintering 

The  carrier  used  for  freeze  molding  must  be  evaporated  and  the  powder  used  for  rapid  tooling 
must  be  sintered.  This  is  accomplished  using  a  sintering  furnace  under  protective  atmosphere. 
Tooling  was  produced  in  both  316  stainless  steel  and  nickel.  For  both  powders,  the  sintering 
process  was  begun  by  heating  the  furnace  to  85°  C.  This  temperature  was  held  for  1.5  hours. 
Then,  the  furnace  temperature  was  increased  to  1 15°  C.  This  temperature  was  held  for  1.5  hours  to 
remove  the  carrier.  Lengthy  debinding  times  required  for  freeze  drying  sublimation  are  cited  as  a 
potential  disadvantage  of  freeze  molding  [2];  however,  it  is  unclear  if  the  three  hours  used  here  is 
comparable  to  these  times.  Furnace  temperature  was  then  increased  at  10°  C/min.  to  a  maximum 
sintering  temperature  of  1200°  C  for  both  316  stainless  steel  and  nickel  powders.  The  powder  was 
held  at  these  temperatures  for  45  minutes.  The  furnace  cool-down  commences  at  a  rate  no  faster 
than  5°  C/min.  Sintering  time  is  selected  to  minimize  grain  growth  and  is  consistent  with  that 
recommended  in  the  literature  [13],  The  nickel  powder  is  sintered  in  an  inert  atmosphere  of  argon. 
The  316  stainless  steel  powder  is  sintered  in  a  reducing  atmosphere  of  dry  hydrogen.  The  sintering 
cycles  and  atmospheres  have  not  been  optimized  for  the  specific  powders  used. 

3.  Experimental  Results  &  Discussion 

The  procedure  described  above  was  used  to  sinter  dies  for  the  example  application  of  sheet 
metal  forming.  Fully  dense  material  was  not  required  for  this  demonstration;  however,  infiltration 
may  be  used  in  applications  where  improved  mechanical  properties  or  non-permeable  tooling  is 
required.  This  procedure  should  be  suitable  for  producing  prototype  and  short-run  production 
tooling  for  a  variety  of  other  manufacturing  processes  such  as  injection  molding,  composite  lay-up, 
sink-type  EDM,  extrusion,  and  thermoforming.  The  results  presented  below  illustrate  the  potential 
utility  of  the  FPM  rapid  tooling  technique  described  here. 

3.1  Part  Ejection 

Part  ejection  from  the  NC  machined  molds  was  relatively  straight-forward.  After  allowing  a 
short  period  for  mold  warming  following  freeze  molding,  gentle  tapping  is  used  to  eject  the 
resulting  part.  The  part  surface  appeared  quite  smooth  and  even  fine  features  on  the  molds,  such  as 
the  marks  from  cutter  rotation  along  tool  paths,  were  visible  on  the  molded  part. 

Part  ejection  from  the  SLA  molds  was  slightly  more  difficult.  Despite  the  use  of  mold 
release,  a  significantly  longer  duration  was  required  to  allow  the  molds  to  warm  before  parts  could 
be  ejected.  While  this  may  be  due  to  different  thermal  conductivity  of  the  mold  materials  or 
different  geometries  of  the  molds,  inspection  of  the  mold  suggests  that  many  of  the  0.006”  layers 
comprising  the  SLA  part  create  undercuts  which  hinder  part  ejection.  Figure  5  shows  a  magnified 
view  of  the  near  vertical  mold  walls.  Despite  the  presence  of  a  3°  draft  angle  on  these  walls,  it  is 
thought  that  significant  thermal  expansion  of  the  frozen  mold  must  occur  before  the  part  can  be 
ejected. 

Upon  ejection,  many  small  fragments  of  the  molded  powder  slurry  (still  frozen)  are  found 
resting  loose  on  the  top  surface  of  the  mold.  This  suggests  that  even  thermal  expansion  of  the  mold 
does  not  fully  release  the  frozen  mass  in  all  locations.  These  fragments  can  be  removed  by  suction 
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before  they  melt,  and  their  breakage  from  the  molded  part  does  not  appear  to  significantly  impact 
tooling  performance  for  the  example  application. 


Undercut 


Horizontal 
Mold  Surface 

Figure  5  -  SLA  Mold  Wall  Undercuts 

Similar  artifacts  likely  exist  with  other  layer-based  SFF  processes,  and  this  illustration  is  not 
intended  to  suggest  that  the  SLA  process  is  unsuitable  for  this  application.  In  fact,  the  SOMOS 
6110  epoxy  resin  molds  withstood  both  the  thermal  cycle  of  molding  and  impact  required  for  part 
ejection  without  damage.  In  contrast  to  past  experience  with  fragile  parts  made  from  early  SLA 
resins,  the  SOMOS™  6110  parts  appeared  to  be  quite  tough.  Constructing  parts  from  finer  resin 
layers  or  employing  some  additional  finishing  operation(s)  may  improve  part  ejection. 

3.2  Sintered  Dies 

After  sintering  as  described  in  section  2.4,  the  dies  must  be  removed  from  the  FPM  tool 
powder  in  which  they  were  embedded.  This  is  accomplished  simply  by  brushing  the  loose  tool 
powder  from  the  dies.  Figure  6  shows  the  resulting  nickel  die  set  (left)  produced  by  the  SLA 
molds  and  the  316  stainless  steel  die  set  (right)  produced  by  the  NC  machined  molds. 


Figure  6  -  Sintered  Nickel  Die  Set  from  SLA  Molds  (left),  and 
Sintered  SS316  Die  Set  From  NC  Machined  Molds  (right) 


The  layer-wise  stair-stepping  of  the  SLA  molds  transfers  to  the  die-set,  with  some  evidence 
of  sharp  corners  of  the  stair-steps  being  damaged  during  mold  ejection.  Although  not  clearly 
visible  in  Figure  6,  the  NC  machined  dies  pick-up  fine  detail  from  the  mold  surface  showing  the 
concentric  paths  of  the  ball  mill  used  to  fabricate  the  mold  protrusion. 

3.2.1  Dimensional  Change 

Material  shrinkage  resulting  during  consolidation  caused  dimensional  reduction  of  both  die 
sets.  On  average,  the  nickel  shrunk  15.4%  when  measured  linearly.  The  316  stainless  steel  shrunk 
3.4%  when  measured  linearly.  When  material  shrinkage  is  uniform  it  is  possible  to  account  for  it 
simply  by  model  scaling.  Shrinkage  experienced  at  prescribed  processing  conditions  would 
typically  be  determined  prior  to  mold  design,  and  this  shrinkage  taken  into  account  to  over-size  the 
mold  geometries  by  an  appropriate  dimension.  In  this  experiment,  the  additional  steps  of  shrinkage 
compensation  were  not  performed  and  a  smaller-than-designed  mold  geometry  was  accepted  for 
demonstration  purposes. 

Some  non-uniform  shrinkage  was  observed  along  the  die  axis  held  vertical  during  mold 
filling.  This  is  believed  to  be  caused  by  the  development  of  density  gradients  in  the  compact  as  a 
result  of  mold  filling.  Deviations  of  0.3%  and  0.4%  were  observed  on  the  female  316SS  and 
nickel  dies;  however,  the  male  dies  exhibited  deviations  of  1.2%  and  3%  for  the  respective  die 
material.  This  increased  error  is  throught  to  result  from  poor  mold  filling  due  to  the  small  mold  gate 
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in  the  male  die  molds,  as  shown  in  Figures  3  and  4  above.  Alternate  gate  geometries  or  improved 
mold  filling  techniques  will  likely  eliminate  this  non-uniformity. 

3.2.2  Microstructure 


Analysis  of  the  microstructure  confirms  the  expected  —  tooling  sintered  from  loose  powder 
is  rather  porous.  Figure  7  shows  the  microstructures  of  the  sintered  nickel  and  316  stainless  steel 
die  materials. 


Figure  7  -  Microstructure  and  Edge  of  (a)Nickel  and  (b)3 1 6  Stainless  Steel  FPM  Rapid  Tooling 


Optical  density  measurements  using  image  processing  techniques  indicate  densities  of  80%  of 
theoretical  for  the  nickel  dies  and  60%  of  theoretical  for  the  316  stainless  steel  dies.  However, 
density  improvement  should  be  possible  with  an  optimized  sintering  schedule. 

These  micrographs  also  illustrate  the  surface  quality  obtained  on  the  near  vertical  edges 
(shown  horizontally  in  this  figure)  of  the  tooling  made  by  the  SLA  molds  (a)  and  by  the  NC 
machined  molds  (b).  The  rougher  surface  finish  of  the  SLA  molds  transfers  to  the  tooling. 
However,  surface  roughness  as  related  to  particle  size  must  also  be  considered.  The  internal 
microstructure  of  the  parts  reflects  the  spherical  morphology  of  the  powders  used  to  produce  them. 
Note  that  both  parts  are  porous  and  appear  to  be  only  stage  one  sintered.  This  enables  application 
of  infiltration  or  impregnation  to  realize  fully-dense  tooling,  and  either  of  these  operations  would 
serve  to  somewhat  smooth  the  surface  finish  of  the  tooling.  Pores  resulting  from  gas  entrapment 
during  molding  have  been  observed  in  some  sintered  material,  and  measures  must  be  taken  to 
eliminate  these  in  practical  situations. 

3.3  Metal  Forming 

The  sintered  dies  were  installed  on  a  press  and  forming  was  attempted  on  0.033”  low-carbon 
mild  sheet  steel.  This  steel  fractured  during  pressing  on  the  unlubricated  dies.  Examination  of  the 
metal  flow  of  the  sheet  after  forming  suggests  that  high  die  friction  near  the  fillet  between  the 
female  die  parting  plane  and  the  hemispherical  depression  is  probably  responsible  for  this  forming 
failure.  Instead  of  attempting  to  improve  die  surface  finish  manually,  as  is  common  even  with 
production  tooling,  a  0.005”  teflon  film  was  used  as  an  interpolator  between  both  dies  and  the 
sheet  metal  during  a  second  forming  trial  as  suggested  by  [14].  This  time  the  material  did  not 
fracture  and  forming  was  successful.  Figure  8  illustrates  both  the  failed  (a)  and  successful  (b) 
forming  trials  using  the  SLA  molded  die  set  and  the  successful  (c)  forming  trial  using  the  NC 
machined  molded  die  set. 


Figure  8  -  Metal  Forming  Results  on  0.033”  Sheet  using  (a)  Unlubricated  Dies  from  SLA  Molds, 
(b)  Dies  from  SLA  Molds  with  Teflon  Interpolator,  and  (c)  SS316  Dies  from  NC  Machined  Molds 
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Although  applying  an  interpolator  sheet  to  the  die  surface  instead  of  manual  finishing  may  not 
be  an  economically  viable  alternative  for  high-volume  part  production,  it  is  suitable  for  prototyping 
and  low-volume  work  where  minimizing  die  fabrication  time  is  advantageous.  Analyzing  the  affect 
of  additional  forming  variables,  such  as  pressing  rate  or  binder  tension  were  beyond  the  scope  of 
this  research  effort. 

4.  CONCLUSION 

The  preceding  results  indicate  that  FPM/freeze  molding  is  a  useful  secondary  material 
conversion  option  for  RP.  This  conversion  route  uses  RP  parts  directly  as  tooling  for  powder 
shaping.  This  method  can  be  used  to  quicly  fabricate  tooling  from  conventional  materials  as  well  as 
a  number  of  high  performance  materials  that  can  only  be  processed  using  powder  metallurgy.  This 
paper  focused  on  sheet  metal  forming,  however,  a  variety  of  other  tooling  such  as  injection 
molding  cores  and  cavities,  composite  lay-up  forms,  EDM  electrodes,  extrusion  dies,  and 
thermoforming  tooling  may  also  be  produced  using  this  approach. 

Turn-around-time  for  the  tooling  featured  in  this  report  was  relatively  short.  In  an  ideal  case, 
in-process  time  breaks  down  as  follows: 

•  Day  1 :  Design  formed  part  geometry  and  die  geometry,  fabricate  RP  molds  that  evening; 

•  Day  2:  RP  molds  in  transit; 

•  Day  3:  Prepare  powder  slurry,  fill  &  freeze  molds,  eject  parts  and  embed  in  FPM  tool 

powder,  remove  carrier  and  sinter  over-night; 

•  Day  4:  Remove  solid  tooling  from  embedding  powder;  use  dies  to  press  and  form  sample. 

Since  mold  filling  and  ejection  are  manual  operations,  and  the  resulting  powder  compact  is  fragile, 
more  than  one  molding  attempt  may  be  required  to  realize  a  preform  of  suitable  quality.  If  full 
density  tools  are  required,  additional  time  must  be  allocated  for  infiltrating,  impregnating,  or  hot 
isostatic  pressing. 

Additional  investigation  is  certainly  required  to  determine  how  the  FPM/freeze  molding 
approach  described  in  this  paper  compares  with  alternative  secondary  material  conversion  options 
for  RP  and  alternative  rapid  tooling  methods.  It  must  also  be  contrast  with  direct  methods  for 
tooling  production.  The  FPM  rapid  tooling  procedure  eliminates  the  need  for  the  production  of 
molds  from  RP  patterns  by  directly  creating  the  mold.  This  removes  one  shape  conversion 
operation  which  reduces  delay  and  may  increase  tooling  precision.  If  layer-based  SFF  parts  are 
used  as  molds,  this  technique  still  suffers  the  delay  associated  with  layer-wise  additive  material 
build-up;  however,  this  delay  must  only  be  incurred  once  during  mold  production.  The  resulting 
molds  can  be  used  to  shape  powder  multiple  times.  Consequently,  the  “cost”  of  layer-wise 
fabrication  may  be  amortized  across  multiple  parts  —  whether  these  parts  represent  rapid  tooling  or 
end-use  components.  Alternatively,  when  relatively  simple  geometries  are  involved,  NC  machining 
can  be  performed  quite  efficiently  on  plastic  mold  material.  Driven  by  appropriate  CAM  software, 
this  is  an  RP/RT  path  which  should  not  be  overlooked. 
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Rapid  Prototyping  of  Fine  Ceramics 

-Slurry  Casting  Using  Silicon  Rubber  Mold- 


by 

Takeo  Nakagawa,  Hiroyuki  Noguchi 


1.  Introduction 

Layered  manufacturing  is  a  rapid  prototyping  method  which  is  drawing  attention  for  being 
able  to  produce  real  models  directly  from  three-dimensional  CAD  data.  The  most  commonly  used 
rapid  prototyping  is  the  laser  stereolithography  method  using  photopolymer  resins.  Recently, 
models  made  by  the  method  can  be  converted  to  metal  by  the  lost  investment  casting.  For 
ceramics  parts,  layered  manufacturing  using  powder  as  the  material  was  considered  as  an  ideal 
method  but  due  to  the  low  density  of  the  R/P  model,  at  the  moment,  slurry  casting  is  the  only 
method  which  can  be  applied  to  manufacture  these  parts  from  the  practical  view  point. 

In  this  study,  the  method  of  producing  green  powder  parts  by  copying  models  using  highly 
practical  slurry  casting  shown  in  Fig.l  was  investigated.  Generally,  plastic  molds  are  used  as 
the  molds  for  copying  in  slurry  casting,  but  in  terms  of  separability  from  the  mold,  disassembly 


Fig.l  Forming  process  for  slurry  casting  of  fine  ceramics 
using  silicon  rubber  mold 
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of  the  mold,  and  wear  of  mold,  the  use  of  silicon  rubber  molds  should  prove  to  be  more 
advantageous.  Similar  method  has  been  reported  to  have  been  successful  in  the  production  of 
Si3N4  turbo  chargers  by  using  metal  molds  and  a  special  binder  and  heating.  Nothing  is  known 
about  of  this  method  yet.  Experiments  to  find  a  binder  for  slurry  casting  in  room  temperatures 
using  rubber  molds  without  water  absorbability  showed  that  there  is  an  extremely  promising 
binder 2>  made  of  water  soluble  phenol  developed  as  a  sand  mold  for  casting.  As  a  result  of  using 
this  binder,  a  rapid  prototyping  method  for  ceramics  with  a  high  level  of  practical  use  was 
developed. 


2.  Forming  Method 

Fig.  2  shows  the  forming  process  applied 
in  this  experiment.  First,  the  laser 
stereolithography  model  is  copied  onto  silicon 
rubber  to  make  the  rubber  mold,  ceramics  slurry 
containing  water  and  binder  is  poured  into  this 
rubber  mold,  and  the  forming  process  is  carried 
out.  Because  the  rubber  mold  has  good 
copiability  but  is  not  water-permeable,  excessive 
binder  content  will  cause  the  green  part  to 
collapse  after  debinding  even  if  the  slurry  had 
solidified.  For  this  reason,  it  is  necessary  to  keep 
the  binder  content  as  low  as  possible  in  the 
process.  In  this  experiment,  two  types  of  green 
parts  were  made-a  simple  venus  status  (using 
type  A  slurry)  and  a  complicated  turbo  fan 
(using  type  B  slurry). 

First,  the  percentage  of  alumina  powder 
making  up  the  green  part  was  set  at  48%  for  type 
A  and  47%  for  type  B.  Investigations  were  also 
carried  out  on  the  percentage  of  mixing  the  binder, 
hardener,  dispersion  agent,  defoaming  agent,  and 
water  in  slurries  containing  52%  and  53%  binder 
to  make  slurry  with  good  liquidity.  This  slurry 
was  poured  into  the  rubber  mold  to  produce  the 
green  parts.  After  the  slurry  hardened,  the  green 
parts  were  removed  from  the  rubber  mold,  after 
which  vacuum  drying,  debinding,  and  sintering 
were  performed. 


Fig. 2  Forming  process  of  ceramics 
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Table  1  Mixing  ratio  of  materials 


3.  Experiment  results 
(l)Making  the  slurry 

Taking  into  consideration  the  sintering  characteristics  of  alumina  ceramics,  the  binder  content 
making  up  the  slurry  was  set  at  52  vol%  for  type  A  and  53  vol%  for  type  B.  The  problem  with 
these  binder  contents  was  how  to  make  a  slurry  that  can  be  poured  in  easily,  has  low  viscosity, 
and  will  produce  green  parts  with  appropriate  strength.  The  results  of  preliminary  experiments 
showed  that  the  slurry  viscosity  is  affected  by  the  content  of  the  binder  considerably.  Therefore 
for  type  A,  the  binder  content  was  decreased  to  the  level  the  green  part  did  not  collapse  when 
separated  from  the  rubber  mold.  Table  1  shows  the  mixing  ratios  of  the  type  A  and  type  B 
slurries  used  in  this  experiment. 

It  was  also  found  that  the  order  of 
mixing  the  materials  is  important  for 
making  low  viscosity  slurry.  To  make  the 
slurry,  first  appropriate  amounts  of  water 
and  dispersion  agent  are  mixed  (too  much 
dispersion  agent  will  on  the  other  hand 
cause  the  slurry  viscosity  to  increase). 

Alumina  powder  is  mixed  with  this 
mixture  little  by  little  at  a  high  speed  using 
a  mixer  to  disperse  the  alumina  powder 
agglomerate  into  primary  particles.  Next, 
the  binder  is  added,  followed  by  the 
hardener,  and  defoaming  agent.  This 
process  was  found  to  produce  a  low 
viscosity  slurry. 


Material 

Mixing  ratio  (vol%) 

Type  A 

TypeB 

Alumina  powder.  Average  size:0.5  fx  ir 

48.  0 

47.  0 

Main  binder  (water  soluble  phenol) 

8.  5 

1  9.  3 

Hardener 

1.  9 

3.  0 

Dispersion  agent 

0.  6 

0.  6 

Water 

41.  0 

30.  1 

Defoaming  agent 

^0.  0001 

^0.  0001 

(2)Slurry  viscosity 

Fig.  3  shows  the  relation  between 
time  and  slurry  viscosity  when  the 
hardener  is  added  to  the  type  A  and  B 
slurries  used  in  the  experiment.  The 
horizontal  axis  indicates  the  time  from 
the  mixing  of  hardener  into  the  slurry. 
The  hardener  was  mixed  for  1 5  seconds. 
Measurement  results  showed  that  the 
more  the  binder,  the  higher  the  slurry 
viscosity,  and  the  quicker  the  hardening 
speed.  In  this  experiment,  the  amount  of 


Time  (minute) 

Fig. 3  Relation  between  time  and  viscosity 
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hardener  added  was  20  wt%  of  the  binder.  The  speed  at  which  the  slurry  hardens  can  be 
investigated  using  the  amount  of  hardener  mixed  and  the  type  of  hardener  used.  When  the  amount 
of  hardener  added  is  reduced,  the  hardening  speed  slows  down  but  the  demerit  is  it  takes  a  long 
time  for  the  green  part  to  reach  the  strength  at  which  it  can  be  removed  from  the  rubber  mold.  On 
the  other  hand,  when  the  hardener  amount  is  increased,  it  reduces  the  time  taken  for  the  green  part 
to  reach  the  strength  at  which  it  can  be  removed  from  the  rubber  mold,  but  the  demerit  is  the 
slurry  viscosity  increases  rapidly,  and  this  decreases  the  time  the  pourable  low  viscosity  slurry 
state  is  retained.  The  higher  the  viscosity  of  the  slurry,  the  more  the  bubbles  produced  during 
pouring  will  not  escape. 

When  the  content  of  the  hardener  was  increased  for  the  type  B  slurry  during  one  process 
performed,  it  was  found  that  the  pouring  time  was  short  (90  seconds),  but  the  turbine-shaped 
green  part  could  be  removed  in  one  hour.  In  this  case,  however,  it  was  difficult  to  perform 
vacuum  defoaming  of  the  slurry  after  the  hardener  was  added. 

The  slurries  used  in  this  experiment  were  also  found  to  undergo  thixotropy  when  the  binder 
was  added.  For  this  reason,  the  viscosity  increases  according  to  the  amount  of  binder  added.  For 
slurries  not  added  with  the  hardener,  it  was  possible  to  maintain  low  viscosity  at  a  uniform  level 
by  adding  vibrations.  Even  when  the  hardener  was  added,  the  vibrations  added  helped  to  slow 
down  the  speed  at  which  the  viscosity  increased. 

The  slurry  is  poured  while  placing  the  rubber  mold  on  vibration  table  and  vibrating  it. 
Because  this  pouring  process  is  performed  in  air,  a  slight  amount  of  bubbles  were  found  in  some 
of  the  complex  shaped  green  parts.  But  it  should  be  possible  to  produce  bubbles-free  green  parts 
by  carrying  out  the  pouring  process  in  vacuum. 

To  compare  the  viscosity  of  the  slurry  containing  binder  and  that  not  containing,  a  slurry 
containing  alumina  powder,  water,  and  deflocculant  and  having  a  powder  density  of  48  vol%  was 
made  and  its  viscosity  was  measured.  The  results  showed  that  slurry  that  does  not  contain  binder 
has  a  very  low  viscosity  of  0.6  dPa-sec,  indicating  that  the  binder  amount  affects  the  viscosity  of 
the  slurry  to  a  great  extent. 

(3)Strength  of  green  part 

The  green  part  must  have  sufficient  strength  to  be  removed  from  the  rubber  mold  after  the 
slurry  solidifies.  The  strength  is  determined  by  the  amount  of  binder  contained  and  the  amount  of 
binder  hardened.  In  this  experiment,  two  types  of  rubber  molds  with  different  shapes  were  used. 
The  statue  (Venus)  -shaped  green  part  was  easy  to  remove  from  its  rubber  mold  due  to  its  simple 
shape.  The  green  part  strength  is  sufficient  if  it  does  not  collapse  when  held  by  the  hand.  The 
strength  of  the  turbo  fan-shaped  green  part  on  the  other  hand  has  to  be  increased  because  the 
contact  area  between  the  rubber  mold  and  green  part  is  large  and  the  wing  part  is  thin.  The 
compressive  strength  before  and  after  drying  was  studied  for  the  type  A  and  type  B  slurries  used 
in  this  experiment. 
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Table  2  shows  the  results.  The 
compressive  strength  of  the  green  part  when 
removed  from  the  mold  was  5  kgf/cm2  for  type 
A  and  76  kgf/cm2  for  type  B.  After  vacuum 
drying  these  green  parts  for  one  hour  at  100°C, 
the  compressive  strengths  increased  for  both 
types,  to  85  kgf/cm2  for  type  A  and  300  kgf/cm2 
for  type  B.  The  reasons  for  the  increase  are; 
the  green  part  shrinks  when  dried  and  causes  the 
strength  to  increase,  and  the  heating  of  the  green 
part  causes  the  unhardened  parts  of  the  phenol 
resin  (the  binder)  to  harden  and  this  increases  the 
strength. 


Table  2  Compressive  strength  of  green  parts 


Compressive  strength  (kgf/cm2 ) 

Before  drying 

After  drying 

TypeA 

5 

85 

TypeB 

76 

300 

One  method  of  increasing  the  green  part  strength  quickly  is  to  heat  the  rubber  mold  after 
pouring  in  the  slurry.  But  in  this  case,  it  is  essential  to  seal  the  mouth  of  the  rubber  mold  for 
pouring  in  the  slurry  to  prevent  the  moisture  in  the  slurry  from  evaporating.  If  evaporation  takes 
place,  the  green  part  may  shrink  and  crack.  As  the  green  part  will  not  shrink  as  long  as  there  is  no 
evaporation,  cracking  will  not  occur  even  if  the  green  part  is  removed  after  a  long  time. 


(4)Drying,  debinding,  and  sintering  of  green  part 
Due  to  the  good  liquidity  of  the 
slurry  used,  vacuum  defoaming  was  also 
carried  out  satisfactorily.  The  green  part 
was  found  to  contain  a  high  amount  of 
water  after  hardening  and  this  was 
removed  by  vacuum  drying  quickly. 

After  drying,  air  channels  made  up  of 
holes  from  the  water  escaped  out  were 
formed  in  the  green  part.  The  presence 
of  these  air  channels  enabled  the  high 
speed  debinding.  Because  the  phenol 
resins  used  as  the  binder  is  a 
thermosetting  resin,  the  green  part  did 
not  deform  easily  even  when  heated 
during  debinding.  The  normal  sintering 
was  performed  after  debinding.  Fig.  4 
shows  the  effects  of  the  sintering 
temperature  and  retention  time  on  the 
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Fig. 4  Effects  of  sintering  temperrature  and 
retention  time  on  density 
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4.  Conclusion 

In  this  study,  a  rapid  method  of  producing  ceramic  parts  was  developed.  In  the  method, 
slurry  is  poured  into  a  rubber  mold  copied  from  a  laser  stereolithography  model  made  by  layered 
manufacturing  to  obtain  the  green  part.  For  the  type  A  slurry,  the  weight  of  the  sintered  part  was 
lOOg  and  the  porosity  was  6%.  For  type  B,  because  the  weight  of  the  sintered  part  was  heavy 
(700g),  and  the  sintering  temperature  and  time  were  insufficient,  the  porosity  was  12%,  but  this 
could  be  improved. 

When  the  slurry  had  a  certain  level  of  viscosity  and  thixotropy,  the  binder  and  powder  did 
not  separate  after  pouring  and  forming,  and  the  density  of  the  green  part  was  even.  In  addition, 
because  this  method  produces  air  channels  in  the  green  part,  debinding  is  good,  which  makes  the 
method  applicable  to  large  ceramic  green  parts.  Moreover,  as  the  silicon  rubber  mold  can  be  used 
repeatedly,  the  method  can  be  applied  not  only  to  trial  productions  but  small-lot  production  as 
well.  The  good  copiability  of  the  slurry  also  enables  ceramic  green  parts  copied  with  detailed 
patterns  to  be  produced. 

These  above  results  indicates  that  this  method  may  become  one  of  the  main  methods  of 
manufacturing  ceramic  parts  using  layer  manufacturing.  At  present,  studies  are  being  carried  out 
on  a  slurry  casting  method  using  metal  powder  as  an  attempt  to  apply  this  method  to  molds. 
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SLIP  CASTING  AS  A  RAPID  TOOLING  PROCESS 
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ABSTRACT 

The  paper  discusses  the  slip  casting  of  stainless  steel  as  a  method  of  forming  injection 
moulding  tooling.  Main  steps  involved  in  the  precision  slip  casting  of  stainless  steel 
and  the  effects  of  major  parameters  such  as  casting  rate  have  on  accuracy  are  fully 
discussed.  The  slip  casting  process  has  numerous  technical  advantages  over 
conventional  and  rapid  tooling  processes  especially  there  is  strong  potential  for 
producing  mass  production  tooling. 

INTRODUCTION 

The  slip  casting  process  has  been  used  for  hundreds  of  years  in  the  ceramic  industry 
for  the  production  of  products  such  as  tea  pots  and  toilets.  The  basic  process  of  slip 
casting  involves  the  suspension  of  a  powder  material  in  a  solution.  The  powder  and 
solution  mixture  (slip)  is  then  cast  into  a  porous  mould  which  removes  the  solution 
from  the  powder  by  capillary  action.  This  then  leaves  the  powder  in  the  form  of  the 
mould.  This  powder  part  (green  part)  can  then  be  removed  from  the  mould  and  then 
fired  in  an  oven  in  order  to  give  it  strength.  The  objective  of  this  investigation  is  to 
study  the  possibility  of  forming  injection  moulding  tools  via  this  method.  So  raising 
the  concerns  of  dimensional  accuracy,  surface  finish,  and  the  mechanical  /  thermal 
properties  of  the  resulting  tool,  these  are  the  main  factors  investigated 

The  principal  reason  for  undertaking  this  investigation,  was  due  to  the  growing 
industrial  demand  for  low  cost  tooling,  which  can  be  produced  in  a  greatly  reduced 
lead  time,  to  that  of  conventional  tooling  methods.  The  current  market  for  moulds  and 
dies  in  the  USA  is  about  20  billion  dollars  '.  The  lead  time  for  the  delivery  of  a 
injection  mould,  in  the  USA  ranges  from  1200  to  3800  hours  2,  depending  on  the 
complexity  and  the  size  of  the  mould.  For  these  two  reasons  there  is  great  interest  in 
the  variety  of  rapid  tooling  methods  that  are  evolving  .  This  is  also  the  rational  for 
investigating  the  slip  casting  method  as  a  potential  route  to  the  production  of  tooling. 

The  perceived  reasons  why  slip  casting  has  some  competitive  advantages  over 
conventional  and  Free  Form  Fabrication  (FFF)  tooling  methods  are: 

•  The  method  of  production  is  both  suited  to  that  of  one-off  production  and  mass 
production,  thus  allowing  flexibility. 

•  The  process  costs  are  extremely  low  with  very  little  material  wastage  and  little 
manual  intervention. 

•  The  process  is  a  relatively  low  skilled  in  most  aspects  of  the  process  cycle,  this  is 
very  different  to  that  of  conventional  tool  making. 

•  The  forming  of  the  porous  moulds  can  be  done  in  a  number  of  ways,  such  as 
casting  from  a  FFF  model,  machining  of  the  mould  from  a  solid  block  and 
additionally  the  material  can  be  carved  /  sculpted. 
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•  The  process  has  the  potential  to  cross  over  into  other  tooling  areas  such  as  EDM 
electrode  formation,  die  casting  tools,  press  tools  and  possibly,  punch  tools. 

•  The  process  will  possibly  allow  the  production  of  complex  composite  tools  i.e.  A 
tool  can  be  formed  with  a  very  hard  surface  material  and  a  softer  backing  material, 
which  could  be  used  for  either  cost  or  thermal  considerations. 

•  The  process  has  the  ability,  to  allow  the  production  of  designer  cooling  systems  . 
This  is  where  cooling  channels  for  the  injection  moulding  tool,  can  be  designed  for 
that  specific  cavity  and  core.  The  main  advantage  being  that  the  cooling  system 
will  be  optimised  because  of  freedom  from  geometrical  constraints  imposed  by 
conventional  methods. 

•  The  advantages  of  this  process  over  that  of  direct  tool  production  on  one  of  the 
current  FFF  systems,  is  that  the  users  are  restricted  to  those  systems  and  their 
system  accuracy.  Also,  if  the  tool  is  produced  directly  on  the  FFF  machine  then, 
the  stair  case  effect  has  to  be  removed  from  the  tool,  in  what  could  be  a  very  hard 
material. 

•  The  process  offers  greatly  reduced  lead  times  to  that  of  the  conventional  tooling 
methods,  which  can  be  up  to  6  months1 2 3  4.  It  is  estimated,  that  tools  produced  via  this 
routes  should  take  under  two  weeks  to  produce,  for  a  given  pattern. 

•  It  is  also  possible  that  the  process  will  be  useful  for  the  production  of  other 
products  apart  from  tooling  e.g.  filters,  gears,  injection  moulding  machines 
reciprocating  screws  and  in  general  low  volume  wear  resistant  parts. 

As  is  apparent  from  the  above  points,  there  are  a  lot  of  possible  applications  of 
this  process,  giving  advantages  over  both  conventional  and  FFF  injection  moulding 
tool  forming  methods  The  main  reasons  for  the  investigation  into  this  process  is  the 
speed,  cost  and  the  range  of  unconventional  tooling  materials  that  the  process  will 
possibly  allow  to  be  formed  via  this  route. 

THE  PROCESS 

The  work  carried  out  into  the  process  of  casting  Stainless  steel  was  an  extension  of  the 
work  started  by  Lidaman  5  and  then  later  by  Hausner 6.  The  basic  process  route  of  slip 
casting  is  illustrated  in  figure  1.  The  steps  involved  in  the  in  the  production  of  a  slip 
cast  part  are  as  follows: 

1.  Casting  of  the  porous  mould  on  the  FFF  model.  It  is  important  that  the  FFF  model 
is  treated  in  order  to  ensure  that  the  model  is  released  from  the  mould  and  that 
bubbles  do  not  form  on  the  surface  of  the  mould. 

2.  Mixing  of  the  powder  and  the  solution.  It  is  important  the  two  parts  are  completely 
mixed  and  the  powder  is  distributed  evenly  thought  out  the  solution. 

3.  Once  the  two  parts  are  mixed  properly,  the  solution  can  then  be  poured  into  the 
porous  plaster  mould.  It  is  important  to  insure  that  bubbles  are  removed  from  the 
mixture. 

4.  Once  cast,  the  part  is  left  to  dry  in  the  mould  until  all  the  solution  is  removed  from 
the  powder. 

5.  The  part  can  then  be  extracted  from  the  mould  and  any  casting  features  can  be 

removed  at  this  stage.  It  is  important  that  the  part  is  not  removed  from  the  mould 
unless  it  is  completely  dry,  as  there  is  some  indication  that  the  part  can  be  distorted 
by  the  handling  of  a  powder  part,  if  not  in  the  dry  state. 
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6.  The  part  is  then  place  in  a  oven  and  fired  until  the  desired  density  is  achieved. 

7.  Once  fired  the  part  is  then  infiltrated  with  a  lower  melting  point  material,  in  order 
to  give  the  part  a  full  density. 

After  infiltration,  the  part  can  be  polished  for  the  mounting  onto  the  mould  base. 


ACHIEVING  ACCURATE  HIGH  QUALITY  SLIP  CASTINGS 

There  is  an  obvious  need  to  produce  castings  that  are  accurate,  but  it  is  also  desirable 
to  have  the  castings  with  as  high  quality  possible.  The  quality  is  measured  in  terms  of 
the  following  criteria: 

•  Surface  reproduction. 

•  Density.  This  should  be  as  close  to  theoretical  as  possible,  i.e.  74  %  of  solid 
density  for  mono  sized  particles  and  79%  for  bimodal  particles  sizes 

•  Particle  size  distribution.  This  should  be  uniform  through  out  the  sample. 

•  Gas  entrapment.  This  should  be  minimised  within  the  sample. 

•  The  slip  should  completely  fill  the  mould,  which  allows  complete  shape  and 
feature  reproduction. 

•  The  part  should  have  a  green  strength  that  will  allow  part  processing. 


Hausner  6  identified  that  the  basic  variables  of  the  process  which  affected  the 
quality  of  the  parts  were: 


2  A  Mould  material 
4 A  Solid  to  liquid  ratio. 

6A  Air  entrapment. 

8  A  Density  of  the  liquid. 

10A  Mould  porosity 
12A  Temperature  of  the  solution. 
13  A  Rate  of  drying  after  elimination  from  the  mould.  14A  Slip  viscosity 


1A 

3A 
5  A 
7A 
9A 


Casting  rate  ( Rate  of  drying  in  the  mould). 
Particle  size  and  shape. 

Moisture  content  of  the  mould 
Type  and  amount  of  deflocculant. 

Reaction  of  the  powder  with  the  liquid. 


1 1 A  ph  of  the  solution. 


All  these  variables  were  stated  to  have  an  effect  on  the  quality  of  the  slip  cast 
parts  produced.  It  has  also  been  shown  that  some  of  them  affect  the  accuracy  of  the 
parts  produced.  Of  those  variables  put  forward  by  Hausner 6  there  is  apparent 
interplay  of  the  variables  with  factors  such  as  viscosity  being  affected  by  the  particle 
size,  particle  shape,  ph  of  the  solution,  liquid  to  solid  ratio,  reaction  of  powder  with 
liquid,  type  an  amount  of  deflocculant  and  density  of  liquid  used.  Viscosity  is  also  a 
very  important  parameter  in  terms  of  achieving  a  good  casting.  If  the  viscosity  of  the 
mixture  is  too  high  it  will  aggravate  air  entrapment,  give  poor  detail  pick  up  and 
possibly  will  prevent  the  mould  from  filling  correctly.  Therefore  it  can  be  seen  that 
achieving  a  mixture  with  a  low  viscosity  is  important.  Of  the  factors  affecting  the 
viscosity,  one  of  the  most  important  is  that  of  the  ph  of  the  mixture,  as  this  allows 
alteration  of  the  viscosity  without  any  detrimental  effects  on  the  other  variables. 


The  ph  of  the  mixture  can  effect  the  viscosity  because  the  ph  is  a  measurement 
of  the  ion  content  in  aqueous  solution.  Stainless  steel  with  the  addition  of  the  correct 
chemicals,  can  get  the  particles  to  react  in  such  a  way  by  forming  a  double  electric 
layer  around  each  of  the  powder  particles  as  illustrated  in  figure  2.  This  helps  to 
suspend  the  particles  in  the  solution,  by  the  forces  of  repulsion  that  are  generated  by 
these  electrically  charged  layers. 
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Previous  research  by  Hausner  ''  into  the  optimum  ph  value  of  the  stainless  steel 
slips,  derived  a  value  around  9.8.  It  is  assumed  that  Hausner  made  the  assumption 
that  the  slip  acted  in  a  Newtonian  manner  as  there  is  no  information  to  the  contrary. 

By  repeating  same  experiments  using  different  deflocculant  and  powder  material  to 
that  used  by  Hausner 6,  it  is  considered  inappropriate  to  assume  the  slip  to  be 
Newtonian,  as  slips  using  other  powders  do  not  act  in  this  manner.  The  experiments 
were  carried  out  using  a  constant  stress  rheometer  and  a  Philips  PW9421  ph  meter 
with  a  Unicam  CE1  glass  electrode.  The  results  of  the  viscosity  measurements,  of 
mixtures  of  the  same  composition  but  with  different  ph  values,  can  be  seen  in  figure  j  . 

As  can  be  seen  from  the  figure  3  which  shows  the  viscosity’s  against  shear 
stress  for  mixtures  of  the  same  powder/liquid  ratios  but  at  different  ph  values,  the  slip 
acts  in  a  non-Newtonian  manner.  If  we  consider  the  viscosity’s  at  shear  rates 
equivalent  to  that  of  pouring,  which  is  in  the  range  of  0.1  to  1  y/s  8  the  slip  seams  to 
act  in  a  Newtonian  manner.  This  can  be  seen  in  figure  4,  which  is  a  plot  of  viscosity  at 
pour  shear  rates  over  the  range  of  ph  values,  calculated  using  cross  curve  fit 
algorithm. 

It  is  apparent  from  figure  4,  the  viscosity  is  lowest  for  the  slip  when  the  ph 
value  of  the  solution  is  about  9.7  which  corresponds  to  the  values  derived  by  Hausner 
The  viscosity  plays  an  important  role  in  achieving  of  a  good  casting  and  the  control  of 
the  ph  of  the  solution  allows  the  solid  to  liquid  ratio  to  be  higher  than  if  ph  was  not 
controlled.  The  reason  why  this  is  important  is  that  it  allows  the  process  greater 
control  on  the  casting  rate  of  the  slip  in  the  porous  mould,  which  has  been  shown  to 
affect  the  accuracy  of  the  casting.  This  is  of  extreme  importance  in  this  application  of 
this  process. 

The  effect  of  the  casting  rate  can  be  seen  in  figures  5  &  6.  These  show  data 
derived  from  an  experiment  where  two  solid  to  liquid  ratios  were  selected.  The  two 
selections  being  the  extremes  of  the  workable  range.  The  high  solid  to  liquid  ratio 
gives  a  very  high  viscosity  solution  which  is  usable  on  simple  shapes  for  casting.  It  is 
important  to  note  that  if  the  ratio  was  any  higher,  the  slip  enters  into  the  region  of 
unusable.  At  the  other  end  of  the  range,  with  a  low  solid  to  liquid  ratio  the  slip  has  a 
very  low  viscosity,  which  makes  the  production  of  good  castings  relatively  easy. 
Further  decrease  of  the  solid/liquid  ratio  does  not  seem  to  give  large  gains  in 
reduction  of  viscosity. 

The  mixtures  were  then  cast  into  plaster  moulds  which  had  been  soaked  in  an 
aqueous  solution  of  release  agent  for  different  amounts  of  time.  The  purpose  of  this 
was  to  control  the  moisture  content  of  the  porous  plaster  moulds.  Once  dry,  the 
resultant  casting  was  then  measured  using  a  CNC  co-ordinate  measuring  machine. 
Figures  5  &  6  show  the  %  shrinkage  of  the  diameter  of  a  cylindrical  cast  sample.  As 
shown  by  the  data,  the  faster  the  casting  rate  the  better  in  terms  of  the  reduction  of 
shrinkage  and  increase  in  repeatability,  which  is  desired  in  order  to  achieve  an 
accurate  tool.  The  problem  with  the  casting  rate  being  very  high  is  that  it  can  cause 
difficulties  in  terms  of  the  quality  of  the  part  after  firing.  This  is  assumed  to  be  due  to 
the  migration  of  the  smaller  particles  to  the  surface  of  the  porous  mould,  coused  by 
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the  high  casting  rate.  This  causes  the  surface  of  the  cast  part  to  be  hard  and  on  firing 
the  part  will  either  crack,  or  will  develop  a  crazy  paving  effect  on  its  surface. 

For  this  reason,  it  is  important  that  the  casting  rate  is  carefully  controlled  in  order  to 
give  the  desired  effects  of  accuracy  and  cast  parts  which  will  sinter  correctly. 

SINTERING  OF  THE  GREEN  SLIP  CAST  PARTS 

The  firing  of  the  samples  has  been  performed  in  a  tube  furnace  from  temperatures 
ranging  from  1000  to  1300  degrees  C.  The  samples  are  placed  in  an  alumina  boat  and 
then  sealed  into  a  Quartz  tube  into  which  a  gas  comprising  of  10  %  hydrogen  and  90 
%  Argon  is  pumped  in.  It  is  important  to  note  that  the  gas  has  to  have  an  extremely 
low  dew  point.  This  is  especially  important  at  the  low  sintering  temperatures.  The 
sample  was  placed  on  the  alumina  boat  in  order  to  reduce  distortion  due  to  friction 
generated  during  the  sintering  process  9 .  The  quartz  tube  was  used  to  cope  with  the 
massive  thermal  shock  of  the  process  e.g.  room  temp  to  1200  degree  C  in  20  minutes. 
It  was  found  that  neither  alumina  or  porcelain  tubes  could  tolerate  this  thermal  cycling 
and  would  usually  crack  causing  oxidation  of  the  part. 

The  Sintering  of  the  slip  cast  samples  has  many  parallels  to  that  of  sintering  of 
metal  injection  moulded  (MIM)  parts,  in  terms  of  the  starting  green  density’s  and  the 
fact  that  the  particles  are  spherical.  The  main  variation  of  the  slip  cast  green  parts  is 
that  there  is  a  lot  less  binder  in  the  slip  cast  parts,  with  only  less  than  0.34%  (by  mass) 
or  5%  vol  in  comparison  to  that  of  MIM  which  is  in  the  region  of  20  -  40  %  vol  10.  In 
terms  of  sintering,  the  slip  cast  parts  do  not  really  need  to  have  a  debinding  stage  in 
the  firing  process  and  therefore  can  be  put  into  the  furnace  at  temperature.  In  terms  of 
the  samples  used,  it  usually  reached  the  temperature  of  the  furnace  in  under  20 
minutes. 

The  disadvantages  of  the  green  slip  casting  parts  in  the  firing  process,  is  the 
release  agent  that  sticks  to  the  green  parts  after  extraction  from  the  mould.  This 
generates  problems,  in  terms  of  pulling  particles  from  the  surface  of  the  green  part  as 
it  bums  during  the  firing  process.  The  problem  being  that  the  particles  can  then  stick 
to  the  part  in  the  sintering  process,  causing  a  rough  surface  on  the  sintered  part. 

The  effect  of  this  can  be  reduced  by  firstly  sintering  the  part  at  a  relatively  low 
temperature.  At  this  stage  the  particles  can  be  brushed  off  by  hand  and  then  the  part 
can  be  resintered  at  a  greater  temperature  to  achieve  the  desired  density.  However,  it 
should  be  noted  that  this  problem  usually  occurs  only  when  using  relatively  large 
powder  particles  (average  particles  size  of  20  microns).  These  will  usually  have  a 
greater  casting  rate  than  small  particle  sizes,  so  the  soak  time  of  the  porous  moulds 
needs  to  be  longer  thus  giving  rise  to  more  release  agent  on  the  green  sample. 

The  sample  once  at  the  maximum  density  which  allows  the  keeping  of  the 
accuracy  with  low  distortions,  can  then  be  infiltrated  with  a  lower  temperature  metal. 
One  of  the  most  common  metals  for  infiltration  into  the  steel  parts  is  copper  alloys. 
Copper  alloy  also  works  on  stainless  steel,  but  another  infiltration  alloy  under 
investigation  at  this  point  is  aluminium.  This  is  not  as  simple  as  infiltration  of  copper 
alloys  but  could  possibly  offer  some  advantages  to  the  final  injection  moulding  tool. 
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SUMMARY  /  CONCLUSIONS 

The  factor  that  is  important  in  terms  of  the  accurate  slip  casting  of  stainless  steel 
powder  is  the  casting  rate,  which  can  effect  the  shrinkage  of  the  cast  part  and  the 
shrinkage  variation.  To  achieve  accurate  parts,  the  faster  the  casting  rate  the  better, 
within  the  range  of  casting  rates  studied  in  this  investigation.  However,  obtaining  the 
fastest  casting  rate  possible  is  not  always  the  best  solution,  as  the  faster  the  casting 
rate,  the  greater  seems  to  be  the  migration  of  the  smaller  particles  towards  the  surface 
of  the  mould,  which  can  cause  problems  in  the  sintering  process. 

The  method  used  in  the  investigation  is  not  the  only  method  available  for  the 
control  of  the  casting  rate.  Methods  such  as  changing  the  porosity  of  the  plaster  mould 
(by  altering  the  water  to  plaster  ratio),  control  of  temperature  of  the  slip,  changing  of 
the  particle  size  and  different  casting  methods  are  also  believed  to  have  an  effect,  such 
as  (vacuum  casting  or  centrifugal  casting  processes).  Also  under  consideration  was 
quality  of  the  casting.  It  was  stated  that  many  variables  that  can  affect  the  quality  of 
the  cast  part.  One  of  the  most  important  with  regards  to  the  casting  process  is  the 
viscosity  of  the  slip.  The  important  factor  in  control  of  viscosity  was  the  ph  of  the  slip. 
This  can  have  a  large  effect  on  the  viscosity  and  therefore  on  the  quality  of  the  slip 
cast  part. 

The  sintering  stage  of  the  process  is  not  dissimilar  to  that  of  the  sintering  parts 
produced  via  the  MIM  process.  The  major  advantage  is  that  very  little  binder  is  used 
in  the  process.  It  is  also  important  to  note  that  the  sintering  in  this  application,  is  only 
to  the  stage  where  accuracy  is  maintained  with  very  little  distortion  and  that  the 
porosity  in  the  sinter  parts  are  still  interconnected.  This  is  to  allow  the  infiltration 
material  to  flow  into  the  sintered  part  and  thus  give  the  part  full  density. 

The  results  obtained  so  far  has  given  great  encouragement  that  slip  casing  will 
be  suitable  in  terms  of  accuracy.  It  is  also  expected  that  the  number  of  shots  that  the 
injection  moulding  tool  produced  via  this  method  is  estimated  to  last,  to  be  at  least 
20,000  shots.  Considering  that  the  Keltool  process  which  is  similar  to,  the  slip  casting, 
can  produce  injection  moulding  tools  which  can  last  over  1  million  shots  n,.  Another 
comparison  which  can  be  taken  into  consideration  is  that  epoxy  resin  tools  have  lasted 
over  100,000  shots  12 .  This  is  only  the  start,  with  super  hard  composite  tools,  there  is 
no  reason  why  slip  casting  method,  cannot  be  used  to  manufacture  injection  moulding 
tools  which  can  be  used  for  mass  production. 
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Figure  2  The  double  electric  layer 
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ABSTRACT 

The  principle  of  Electro-Discharge  Machining  (EDM)  electrode  manufacture  using  rapid 
prototyped  StereoLithography  (SL)  models  has  been  proposed  and  discussed  in  previous 
published  material  by  the  authors  [1,2,3, 4],  Applying  a  thin  electrodeposited  coating  of  copper 
to  SL  models  has  provided  a  direct  route  from  model  to  tool  cavity.  A  number  of  current  factors 
present  limitations  to  the  application  of  these  electrodes.  This  paper  outlines  and  addresses  the 
factors  affecting  electrode  quality  and  performance.  Premature  failure  of  SL  electrodes  is 
attributed  to  a  number  of  wear  and  failure  mechanisms  which  are  being  investigated  at  The 
University  of  Nottingham.  An  overview  of  experimental  and  theoretical  work  is  presented. 

1.  INTRODUCTION  &  BACKGROUND 

The  recent  emergence  of  Rapid  Prototyping  (RP)  techniques  has  provided  a  route  to  faster 
product  modelling.  A  number  of  commercial  process  routes  from  models  through  to  tooling  are 
currently  being  developed.  The  integration  of  RP  with  established  downstream  tooling  techniques 
is  essential  to  the  continued  expansion  of  the  RP  application  base.  This  paper  focuses  on  the 
manufacture  of  production  tooling  for  injection  moulding  using  RP  models.  The  use  of  thin 
coated  models  as  EDM  electrodes  is  discussed.  It  is  intended  that  the  methodology  of  process 
optimization  being  undertaken  with  SL  models  can  be  applied  to  EDM  electrodes  manufactured 
by  alternative  RP  technologies.  The  potential  for  application  of  RP  to  EDM  electrode  production 
has  been  discussed  in  previous  published  material  by  the  authors  [1,2, 3,4],  and  it  is  sufficient  to 
provide  only  a  broad  outline  here. 

The  increase  in  demand  for  small  tools  for  plastics  and  rubber  component  production  over  the 
past  ten  years  is  likely  to  continue.  This  has  applied  pressure  on  tooling  manufacturers  to  reduce 
lead  times  and  costs.  EDM  is  a  process  widely  used  in  the  manufacture  of  the  mould  cavities  for 
plastics  and  rubber.  The  EDM  work  typically  accounts  for  25%-40%  of  overall  production  time. 
A  large  proportion  of  the  EDM  time  is  consumed  by  the  manufacture  of  electrodes  [5],  The 
application  of  RP  to  electrode  manufacture  could  provide  an  opportunity  to  move  from  product 
verification  to  tooling  with  significant  reductions  in  time  and  cost.  A  number  of  possible  routes 
to  RP  electrodes  have  been  proposed  [3],  and  classified  as  'direct'  or  'indirect'.  Direct  production 
is  the  use  of  RP  models  as  electrodes,  whilst  indirect  routes  use  RP  cavities  (or  masters)  as  an 
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intermediate  step  to  electrode  manufacture. 

To  date  the  various  techniques  applied  to  the  transformation  of  RP  models  to  electrodes  have 
not  provided  a  realistic  alternative  to  conventionally  machined  electrodes.  At  the  University  of 
Nottingham  thin  electroplated  copper  coatings  have  been  applied  to  metallized  Stereolithography 
(SL)  models  and  these  have  been  used  as  finishing  electrodes.  The  functions  of  roughing  and 
finishing  electrodes  for  EDM  die  sinking  are  fundamentally  different.  The  roughing  electrode  is 
an  approximation  of  the  geometry  required  in  the  cavity,  with  respect  to  size  and  detail.  The 
primary  function  of  this  electrode  is  the  bulk  removal  of  material  from  the  workpiece.  However, 
the  closer  this  electrode  is  to  the  profile  of  the  required  cavity  the  less  work  is  needed  to  be  done 
by  the  finishing  electrode.  The  function  of  the  finishing  electrode  is  to  provide  a  cleaning  cut 
which  generates  the  final  profile  and  detail  of  the  tool  cavity.  To  satisfy  their  specific  functions 
the  roughing  and  finishing  electrodes  are  manufactured  to  different  specifications. 

The  finishing  electrode  is  not  used  to  remove  substantial  volumes  of  workpiece  material  but 
must  maintain  its  geometry  through  low  tool  wear.  The  surface  finish  of  the  electrode  must  be 
as  smooth  as  possible  to  reduce  the  necessity  for  post  processing  of  the  tool  surface.  It  is  clear 
from  experimental  trials  that  the  SL  electrodes  are  currently  unsuitable  for  mass  material  removal; 
where  high  amperage  applied  during  EDM  generates  high  surface  temperatures  at  the  electrode 
which  cannot  be  dissipated  effectively  through  the  SL  substrate.  This  results  in  premature  failure 
of  the  electrode.  An  appropriate  thickness  for  the  copper  coating  has  been  determined,  which  will 
sustain  EDM  finishing  cuts  using  an  optimized  machine  set-up  [4],  Simple  electrode  profiles  have 
been  used  to  erode  cavity  depths  up  to  16mm  (Figure  1)  far  in  excess  of  that  usually  required  of 
a  finishing  cut,  i.e.  up  to  1mm.  The  low  Material  Removal  Rate  (MRR)  makes  the  use  of  the 
coated  electrodes  for  depths  of  several  millimetres  uneconomic  with  respect  to  machining 
efficiency. 

The  methodology  for  producing  SL  coated  finishing  electrodes  is  detailed  in  earlier  work 
[2,3,4]  and  it  is  appropriate  to  provide  only  a  summary  of  the  processing  steps  here:- 

i)  Production  of  SL  model  in  SL5 1 70  epoxy  resin,  using  ACES™  build  @  0. 1 5mm  layers 

ii)  Application  of  high  conductivity  silver  paint  (10pm  thickness) 

iii)  Electrodeposition  of  copper  from  acid  copper  sulphate  bath  solution  (175  pm  thickness) 

2.  COPPER  COATING  SL  MODELS 
2.1  Sizing  of  SL  models  -  surface  offsetting 

Deposition  of  copper  onto  SL  models  causes  oversizing,  which  can  compromise  geometric 
accuracy.  It  is  necessary  to  determine  the  proposed  thickness  of  deposition  and  undersize  the  SL 
model  accordingly.  Electrodeposition  generates  a  non-uniform  coating,  favouring  particular 
features.  This  variability  can  be  controlled  to  a  degree  but  it  is  impossible  to  completely  eradicate 
the  problem. 

The  requirement  for  a  mean  copper  deposit  of  175  pm  has  been  determined  through 
experimental  work,  to  achieve  EDM  performance.  The  external  surfaces  of  the  CAD  and  SL 
model  must  have  a  negative  offset  applied  to  accept  this  deposit. 


2.2  Controlling  copper  deposition 

The  performance  of  plated  EDM  SL  electrodes  is  dependant  on  the  accuracy  and  quality  of  the 
applied  plating.  The  uniformity  of  an  electrodeposit  over  the  surface  of  a  plated  model  will 
depend  in  part  on  the  way  in  which  the  current  density  varies  from  point  to  point  over  the  surface 
(primary  current  distribution).  Also  the  type  of  solution  and  operating  variables  contribute  to 
variability  (secondary  current  distribution  or  Macro  Throwing  Power  -  MTP).  Control  of  plating 
determines  the  accuracy  of  the  electrode  and  its  EDM  performance.  The  factors  affecting  current 
distribution  and  MTP  are;  Geometry,  Electrical/Electrochemical,  Chance  factors. 

Geometric  considerations  relate  to  the  size  as  well  as  the  shape  of  the  model. 
Electrical/Electrochemical  control  concerns  the  state  of  the  electrolyte  and  the  model.  Chance 
factors  are  somewhat  more  difficult  to  control  relating  to  the  condition  of  the  surface  of  the 
model,  the  necessity  for  pretreatment,  and  variability  during  the  plating  process. 

2.3  Achieving  coating  quality 

Simple  model  geometries  used  to  date  have  presented  few  problems  of  material  distribution, 
however,  work  is  now  progressing  to  more  complex  surface  profiles  requiring  measures  to  be 
taken  with  respect  to  copper  deposition.  A  number  of  techniques  are  currently  commercially  used 
to  improve  metal  distribution  on  the  model  during  plating 

•  Screens  -  Screens  are  physical  shielding  elements  which  are  used  to  selectively  blind  areas 
of  the  model  thus  reducing  copper  deposition  in  those  areas. 

•  Robbers  -  These  are  additional  conductive  elements,  suitably  placed  adjacent  to  regions 
of  the  electrode  attracting  a  greater  thickness,  that  “rob”  a  greater  proportion  of  the 
current  and  minimise  thickness  variations. 

•  Conforming  anodes  -  Instead  of  using  a  simple  geometry  anode  (source)  a  unit  conforming 
to  the  profile  of  the  model  can  be  produced.  Unfortunately  this  can  be  expensive  and  is 
unlikely  to  be  practical  for  one-off  prototype  plating. 

•  Anode  focusing  -  This  technique  employs  screening  positioned  close  to  the  model, 
focusing  the  fields  through  onto  the  model  where  required. 

•  Bi-polar  electrodes  -  These  are  conducting  elements  that  do  not  comprise  part  of  the 
electrical  circuit  but  nevertheless,  when  suitably  placed  in  recesses  or  cavities  where 
deposit  thicknesses  will  be  low,  generate  additional  plating  fields  in  these  regions,  again 
improving  the  metal  distribution. 

These  techniques  are  further  enhanced  by  considering  size  and  position  of  the  model  relative 
to  the  anode  and  the  size  and  shape  of  the  plating  bath,  which  all  affect  the  polarisation  field. 
Periodic  reverse  and  pulsing  are  methods  of  varying  the  deposition  rate  to  prevent  preferential 
build  up.  Periodic  reverse  allows  for  the  removal  of  excess  deposits,  whilst  pulsing  can  generate 
a  better  quality  of  deposit  through  on-off  current  switching.  Further  information  on  current  and 
metal  distribution  can  be  found  in  the  literature  but  a  good  introduction  will  be  found  in  reference 
[6]- 

To  overcome  problems  associated  with  material  deposition  the  above  techniques  are  being 
considered  for  plating  complex  SL  models.  In  addition  other  bath  plating  solutions  are  being 
tested  with  respect  to  coating  properties  and  deposition. 


177 


3.  OBSERVATIONS  ON  SL  ELECTRODE  WEAR  &  FAILURE 


3.1  Electrode  wear  characteristics  in  EDM 

Wear  measurement  of  EDM  electrodes  is  commonly  described  as  Tool  Wear  Ratio  (TWR) 
which  is  a  volumetric  calculation  of  material  removed  from  the  electrode  relative  to  material 
removed  from  the  workpiece.  This  TWR  is  an  important  comparator  but  does  not  identify  the 
variability  of  electrode  wear  with  respect  to  geometry.  An  understanding  of  the  elements  or 
features  on  an  electrode  which  are  subjected  to  a  greater  intensity  of  wear  is  of  fundamental 
importance  to  their  accuracy  and  performance.  Using  SL  electrodes,  it  is  important  to  provide 
a  controlled  deposit  of  copper  allowing  for  sacrificial  wear. 

The  volumetric  wear  of  SL  electrodes  was  measured  for  a  number  of  tests  with  different 
thicknesses  of  copper  coating.  The  thickness  of  coating  had  no  apparent  influence  on  the 
volumetric  wear  of  the  electrodes  (Figure  2).  For  erosion  of  a  4mm  cavity  the  average  TWR  was 
calculated  as  0.6%.  The  performance  of  solid  copper  under  identical  EDM  conditions  was  0.5%. 
Electrodeposited  copper  is  likely  to  contain  some  inclusions  or  contamination,  and  plating 
solutions  are  often  modified  with  levelling  and  brightening  agents.  It  is  likely  that  these  impurities 
effect  the  properties  and  efficiency  of  the  copper.  The  difference  in  wear  between  deposited  and 
stock  copper  appear  to  reflect  this. 

3.2  Classification  of  electrode  failure 

Electrode  failure  can  be  expressed  as  wear  or  catastrophic.  Wear  failure  describes  the  loss  of 
geometry  of  the  electrode  due  to  sacrificial  material  removal.  This  wear  compromises  the 
geometric  definition  of  the  electrode  outside  of  its  specified  tolerance.  Catastrophic  failure  occurs 
as  damage  to  the  electrode  which  renders  it  dysfunctional  through  rupture  or  distortion. 

3.3  Electrode  wear  failure 

As  discussed  in  section  3.1  the  general  wear  characteristics  of  a  SL  electrode  are  similar  to  a 
machined  solid  copper  electrode.  Currently  SL  electrodes  are  being  tested  for  use  in  finishing  cuts 
which  generally  will  require  a  cut  depth  of  less  than  0.5mm.  A  shallow  cut  such  as  this  does  not 
introduce  substantial  wear  at  the  electrode  and  therefore  wear  is  not  likely  to  cause  failure,  unless 
the  copper  layer  is  very  thin  at  the  outset.  With  improved  plating  techniques  and  EDM  process 
optimization  it  may  be  possible  to  improve  machining  efficiency  to  use  them  as  semi-roughing  or 
roughing  electrodes,  and  therefore  apply  these  SL  electrodes  to  deeper  cuts.  At  that  point  wear 
is  likely  to  be  a  more  important  factor. 

3.4  Catastrophic  failure 

Catastrophic  failure  of  SL  electrodes  manifests  itself  in  a  number  of  ways.  All  damaged 
electrodes  appear  to  have  failed  due  to  overheating.  Failure  can  be  classified  by  the  apparent 
damage.  The  following  definitions  are  proposed:- 
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•  Edge  failure  -  Here  the  external  edge  or  comer  of  an  electrode  receives  a  high 
concentration  of  spark  discharges  during  EDM  causing  overheating  and  results  in  the 
copper  layer  splitting  (Figure  3). 

•  Peppering  -  This  effect  is  believed  to  be  caused  by  inclusions  or  contamination  of  the 
copper  deposit,  which  is  are  highlighted  by  the  EDM  process.  The  defect  appears  as 
multiple  penetrations  of  the  copper  layer  (Figure  4).  More  recent  work  has  highlighted 
a  possible  problem  with  porosity  introduced  during  the  plating  process,  which  the  acid 
copper  sulphate  solution  has  a  tendency  to  close  up  (Figure  5).  This  porosity  may  form 
the  nucleus  for  peppering  failure. 

•  Delamination  -  Delamination  is  seen  as  the  rippling  of  the  copper  layer  where  it  has 
delaminated  from  the  SL  substrate.  Adhesion  between  them  two  is  dependant  on  the 
physical  bond  with  the  metallizing  interface.  Differential  thermal  expansion  of  SL  and 
copper,  and  the  lack  of  bonding  between  materials  is  the  most  likely  cause  of  this  failure. 
Where  an  area  of  copper  is  bounded  by  edges  which  constrain  free  movement/expansion, 
the  heat  concentration  results  in  a  blistering  of  the  copper  (Figure  6). 

•  Rupture  -  Perhaps  the  most  common  damage  to  be  found  to  date  is  the  rupture  of  the 
copper  layer  (Figure  7).  This  failure  was  seen  with  all  early  tests  using  SL  electrodes. 
Having  performed  a  detailed  optimization  programme  of  tests  with  EDM  this  mode  of 
failure  has  been  virtually  eradicated.  The  use  of  high  amperage  in  EDM  is  the  primary 
factor  influencing  this  rupture,  causing  a  spark  discharge  of  an  intensity  too  great  for  the 
copper  layer  to  sustain.  The  excessive  heat  generated  at  the  discharge  explodes  the 
coating  where  the  thermal  energy  cannot  be  dissipated  efficiently.  The  inability  of  the  thin 
copper  coating  to  transmit  the  spark  energy  is  and  will  probably  remain  the  single  biggest 
obstacle  to  high  material  removal  with  these  electrodes. 

•  Distortion  -  The  build  up  of  thermal  energy  in  the  electrode  during  EDM  is  in  part  due  to 
the  insulating  properties  of  the  SL  substrate.  SL  resin  reaches  its  glass  transition 
temperature  (Tg)  around  60°C,  above  which  the  material  softens.  Where  the  SL  model 
is  coated  with  a  relatively  thin  copper  veneer  this  can  result  in  distortion  of  the  SL 
electrode.  Once  this  begins  to  occur  there  is  little  support  afforded  to  the  copper  veneer, 
and  over  a  short  time  the  composite  electrode  distorts  (Figure  8). 

The  effects  described  above  may  combine  to  cause  ultimate  failure  of  the  electrode.  A  more 
detailed  understanding  of  their  causes  is  required,  to  extend  the  life  of  the  electrodes  and  their 
machining  efficiency. 


4.  HEAT  TRANSFER  IN  SL  ELECTRODES 

The  influence  of  electrode  coating  thickness  on  the  machining  performance  has  been  examined. 
Using  electrodes  of  thicknesses  in  the  range  100pm  to  300pm  the  MRR  performance  was 
measured,  applying  an  optimized  machine  set-up  (refer  to  section  5.2). 

Tests  show  electrodes  with  copper  coating  thickness  of  150pm  susceptible  to  failure.  The 
behaviour  and  control  of  the  EDM  removal  mechanism  is  not  finite  and  there  is  inevitably  some 
variability  in  electrode  performance  at  any  given  coating  thickness.  Some  electrodes  with  150pm 
copper  thickness  were  successfully  used  to  erode  the  4mm  cavity  depth  without  sustaining 
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damage.  However,  the  likelihood  of  test  failure  can  be  avoided  by  using  coatings  of  thickness 
exceeding  175  pm.  Performance  with  respect  to  MRR  for  electrodes  with  copper  between  175pm 
and  250pm  does  not  appear  to  vary  significantly.  MRR  for  these  thicknesses  is  typically 
3.85mm3/min  (Figure  9).  The  performance  of  solid  copper  tablet  electrodes  under  the  same 
conditions  as  the  above  tests  generate  a  MRR  of  4.40mm3/min.  It  is  reasonable  to  expect  the 
performance  of  the  coated  SL  electrodes  to  approach  that  of  the  solid  copper  as  layers  of 
progressively  greater  thickness  are  tested.  This  relationship  is  being  investigated  with  coatings 
of  greater  than  300pm  thickness. 

The  effect  of  coating  thickness  on  MRR  and  failure  is  believed  to  be  a  function  of  the  efficiency 
of  heat  or  energy  dissipation  from  the  electrode  front  face,  at  the  spark  gap. 

4.1  Differential  linear  expansion  at  the  electrode 

The  work  of  Hague  [7]  established  the  thermal  expansion  characteristics  of  SL5170  resin. 
Plotting  the  data  for  SL5170  against  copper  an  accelerating  deviation  is  seen  between  the  two 
materials  with  increase  in  temperature  (Figure  10).  Using  copper  coated  SL  electrodes  inefficient 
heat  dissipation  induces  stresses  at  the  material  interface,  where  the  mechanical  bond  is  subject 
to  shear  forces  as  the  copper  restricts  the  free  expansion  of  the  SL  substrate.  This  results  in 
delamination,  thinning  or  tearing  of  the  copper. 

4.2  Heat  dissipation 
At  the  electrode 

The  ability  of  an  SL  electrode  to  absorb  or  dissipate  energy  during  EDM  is  directly  related  to 
thickness  of  the  conductive  coating.  Figure  1 1  shows  the  calculation  of  'theoretical  thermal 
conductivity'  of  test  tablets.  Composite  coatings  of  10pm  Silver  with  100pm,  150pm,  and  200pm 
copper  are  plotted  for  energy  absorbtion  against  temperature  in  the  range  20°C  to  140°C.  The 
rate  of  theoretical  energy  absorbtion  (Watts)  increases  with  greater  copper  thickness.  The  actual 
thermal  conditions  at  the  electrode  coating  during  EDM  are  being  investigated.  Using  thermal 
labels  it  has  been  established  that  electrode  temperatures  during  EDM  do  not  exceed  100°C, 
applying  an  optimized  machining  set-up  described  below.  This  measurement  has  been  taken  at 
the  interface  of  SL  substrate  and  metallizing  layer,  by  countersinking  thermal  labels  into  the  SL 
model  viewable  through  the  back  of  the  model  face. 

In  the  dielectric 

The  dielectric  used  in  EDM  is  multi-functional  its  primary  tasks  being  the  clearing  of  the  spark 
gap,  and  suppressing/containing  the  spark  by  forming  an  enclosed  channel  between  electrode  and 
workpiece  which  collapses  as  the  spark  is  absorbed.  The  secondary  function  of  the  dielectric  is 
the  dissipation  of  thermal  energy  from  the  machined  surface.  The  dielectric  acts  as  a  heat  sink  for 
both  the  electrode  and  workpiece,  transferring  high  heat  intensity  from  the  spark  gap  to  the 
circulating  dielectric.  This  function  is  of  less  importance  during  EDM  with  solid  machined 
electrodes  but  is  a  crucial  factor  when  using  SL  models  as  excess  heat  is  seen  as  the  main  cause 
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of  failure  at  the  electrode.  The  dielectric  flow  is  used  to  best  effect  by  incorporating  direct 
flushing  at  the  spark  gap  during  electrode  'off  times.  This  is  referred  to  as  pulse  flushing  from  a 
point  source.  In  this  way  the  debris  can  be  ejected  and  heat  removed  in  the  most  efficient  manner. 

At  the  tool/workpiece 

The  heat  generated  at  the  tool  surface  is  dissipated  both  into  its  body  and  into  the  dielectric, 
the  workpiece  is  generally  metallic  and  solid,  fixed  to  the  EDM  machining  table.  This  system 
ensures  efficient  thermal  conduction,  provided  sufficient  dielectric  flow  and  low  ambient  tank 
temperature  are  maintained.  Using  electroplated  SL  electrodes  the  MRR  is  low  and  therefore  the 
heat  emissions  do  cause  excessive  temperature  gradients.  Temperatures  measured  during  EDM 
at  the  workpiece  do  not  differ  substantially  from  the  dielectric. 


5.  ENHANCING  SL  ELECTRODE  PERFORMANCE 

The  key  to  exploiting  the  full  potential  of  SL  electrodes  is  a  double  edged  sword,  requiring 
optimization  and  balance  of  electrode  and  process.  The  quality  and  physical  properties  of  the 
electrode  must  be  matched  effectively  with  the  applied  machining  conditions.  Application  of  the 
electrodes  demands  a  detailed  understanding  of  the  EDM  factors  which  influence  its  performance. 

5.1  Controlling  copper  quality  &  distribution 

Deposit  quality 

It  is  clear  from  the  work  carried  out  to  date  that  one  of  the  routes  to  catastrophic  failure  of  the 
electrode  results  from  defects  within  the  copper  coating.  Electrodeposits  have  a  different 
microstructure  to  bulk  metals  due  to  the  nature  of  the  deposition  process.  In  the  case  of  the  acid 
copper  electrolyte,  in  order  to  produce  smooth  deposits,  certain  organic  additives  are  introduced 
to  the  electrolyte  that  modify  the  grain  structure.  The  grains  produced  in  the  presence  of  these 
additives  tend  to  be  columnar,  with  grain  boundaries  normal  to  the  substrate  surface.  If  the 
deposition  process  is  not  adequately  controlled  in  terms  of  electrolyte  composition, 
contamination  and  deposition  conditions,  then  the  structure  of  the  deposit  will  become  variable. 
The  grain  boundaries  then  become  regions  of  weakness  which  allow  rapid  localised  degradation 
of  the  deposit  during  the  machining  process.  Even  with  the  best  process  control  conditions,  it  is 
unlikely  that  columnar  microstructures  would  be  ideal  coatings  for  EDM  electrodes.  This  is 
because  such  a  structure  tends  to  promote  the  continuity  of  any  porosity  initiated  at  the  metallised 
surface.  Sites  of  such  intrinsic  porosity  then  become  zones  where  the  discharge  spark  rapidly 
weakens  the  coating  leading  to  its  failure. 

It  is  therefore  very  important  that  a  very  tight  control  of  the  plating  electrolyte  and  its 
conditions  of  use  is  exercised.  Organic  additives  are  decomposed  during  the  plating  process  and 
can  form  compounds  that  interfere  with  the  growth  of  the  deposit,  leading  to  the  development  of 
high  internal  stress  or  other  forms  of  deposit  degradation  e.g.  nodule  formation  and  powdery 
deposits.  Organic  contaminants  may  be  removed  using  activated  carbon  but  this  also  necessitates 
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the  analytical  control  of  the  original  additives  to  ensure  that  these  are  not  removed  also. 

It  is  important  to  ensure  that  particulates  do  not  contaminate  the  electrolyte  as  these  could 
become  incorporated  into  the  deposit.  Particulate  inclusions  can  easily  act  as  preferential  erosion 
sites  during  discharge  machining  leading  again  to  early  and  random  failure.  Continuous  filtration 
can  minimise  this  but  ultimately,  the  best  form  of  cure  is  prevention  of  the  contamination  by 
employing  very  clean  environments. 

Finally,  to  ensure  a  consistent  deposit,  chemical  analysis  of  the  electrolyte  components  carried 
out  on  a  regular  basis,  combined  with  appropriate  deposit  testing  is  essential. 

Deposit  distribution. 

The  distribution  of  metal  over  a  complex  geometry  is  dependent  on  many  factors  as  has 
previously  been  mentioned.  Whilst  it  is  possible  to  formulate  an  acid  copper  electrolyte  to  exhibit 
an  improved  distribution,  other  formulations  of  copper  electrolytes  are  available  that  offer  a 
significant  improvement  over  even  the  best  acid  copper  system.  These  electrolytes  are  based  on 
copper  compounds  in  the  form  of  chemical  complexes.  Unfortunately,  these  are  required  to 
operate  at  temperatures  close  to  the  Tg  of  the  SL  model  (55  -  60  C).  Work  is  being 
carried  out  to  evaluate  the  properties  of  these  electrolytes  under  conditions  more  suited  to  the  SL 
models.  Besides  improved  distribution,  these  electrolytes  produce  finer  grained  equiaxed  deposits 
and  should  reduce  the  tendency  to  pore  continuity.  By  using  these  electrolytes  in  conjunction  with 
the  physical  methods  of  improving  metal  distribution,  the  difficulty  of  obtaining  a  uniform  deposit 
can  be  minimised.  As  with  the  acid  copper  electrolyte,  these  electrolytes  require  tight  analytical 
control  and  the  exclusion  of  contaminants  to  offer  optimum  performance. 

5.2  Controlling  the  EDM  process 

Efficiency  of  EDM  with  the  SL  electrodes  was  sought  through  optimization  of  MRR  using  a 
series  of  Fractional  Factorial  Experiments  (FFE's).  The  LI  8  test  array  prescribed  by  Taguchi  [8] 
provided  a  suitable  structure  for  examination  of  seven  adjustable  EDM  parameters  at  three  levels. 
The  performance  data  for  these  tests  is  described  by  Figure  12.  Details  of  these  tests  have  been 
presented  in  earlier  published  material  [3,4],  Fixing  parameters  where  their  performance  was  seen 
to  be  optimized  a  specification  for  machine  set  up  was  derived.  This  set-up  has  formed  the  basis 
fortesting  of  more  complex  model  electrode  profiles  and  the  continuing  evaluation  of  electrode 
performance.  The  relationships  between  the  various  adjustable  EDM  parameters  are  complex, 
however  the  use  of  FFE's  as  outlined  above  has  determined  a  start  point  from  which  improvement 
in  coating  techniques  should  offer  potential  for  improvements  in  both  machining  efficiency  (MRR) 
and  electrode  wear. 

Improving  the  quality  and  distribution  of  the  copper  deposit  is  likely  to  yield  greater  resilience 
against  electrode  failure,  providing  an  opportunity  for  enhanced  EDM  performance.  A  cycle  of 
continual  improvement  has  been  established. 


6.  CONCLUSIONS  &  FURTHER  WORK 


The  potential  for  application  of  copper  coated  SL  models  is  currently  limited  by  a  number  of 
factors.  Work  at  The  University  of  Nottingham  is  seeking  to  identify  and  address  the  limitations. 
The  efficiency  of  the  SL  electrodes  depends  on  the  quality  of  the  electrodeposited  copper  coating 
and  the  EDM  machine  set-up.  Optimization  of  both  areas  is  being  sought  through  an  on-going 
research  programme. 

The  inefficient  heat/energy  dissipation  from  the  front  face  of  the  electrode  during  EDM  causes 
catastrophic  failure.  Classification  of  failure  modes  associated  with  this  heat  'bum  out'  have  been 
proposed.  The  factors  contributing  to  failure  are  being  investigated.  A  thermal  model  is  to  be 
developed,  providing  a  means  of  predicting  electrode  behaviour. 

The  principle  of  manufacturing  electrodes  for  EDM  using  SL  has  been  demonstrated.  Further 
work  should  provide  an  opportunity  for  greater  machining  efficiency. 
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Figure  1  SL  'tablet'  electrode  and  16mm  deep  EDM  cavity  in  tool  steel 
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Figure  2  SL  EDM  electrode  TWR  versus  copper  thickness 
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Linear  thermal  expansion  across  tablet  face  (pm)  MRR  (oun3/mk) 


Figure  9  SL  EDM  electrode  MRR  versus  copper  thickness 
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Figure  10  The  differential  linear  thermal  expansion  of  SL  tablets 
and  applied  copper  coatings  at  elevated  temperature 
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Rapid  Prototyping  using  Electrodeposition  of  Copper 

S  J  Dover,  A  E  W  Rennie  and  G  R  Bennett 

Centre  for  Rapid  Design  &  Manufacture,  Buckinghamshire  College  of  Higher  Education,  UK 
Abstract 

Injection  mould  cavities  and  EDM  electrodes  were  produced  from  High  Speed  Selective 
Jet  Electrodeposition  (HSSJE).  The  performance  of  the  electrodes  in  the  EDM  process  and  the 
surface  finish  of  the  tools  produced  were  studied.  Studies  were  made  into  optimising  the  HSSJE 
build  process. 

Introduction 

More  and  more  emphasis  is  now  being  placed  on  Rapid  Tooling  as  a  means  of  creating 
parts.  The  current  emphasis  is  on  downstream  processes  from  established  RP  techniques.  In 
contrast,  this  paper  looks  at  the  usage  of  High  Speed  Selective  Jet  Electrodeposition  (HSSJE), 
using  copper  as  a  deposition  element  and  its  application  to  create  SFF  parts  directly  for  injection 
moulding  tools  and  EDM  electrodes. 

Conventional  Electrodeposition 

Electroplating  is  a  process  whereby  a  potential  is  applied  between  two  conducting 
electrodes  placed  in  a  solution  containing  metal  ions  (electrolyte).  As  a  result  of  an  excess  of 
electrons,  metal  ions  are  reduced  at  the  surface  of  the  negative  electrode  (cathode)  and  form  a 
deposit  of  metal  atoms  on  the  surface.  This  grows  at  a  rate  proportional  to  the  current  passed. 
Metal  ions  from  the  positive  electrode  (anode)  dissolve  into  the  electrolyte.  However,  this  process 
causes  a  depletion  of  copper  ions  in  the  electrolyte  in  the  vicinity  of  the  cathode  as  the  rate  of 
deposition  tends  to  be  significantly  faster  than  their  rate  of  replacement  by  migration  due  to  the 
electric  field.  As  a  consequence,  a  concentration  gradient  develops  which  results  in  a  diffusion 
flux.  This  electrolyte  layer  adjacent  to  the  electrode  is  referred  to  as  the  Diffusion  Layer.  Fick’s 
First  Law  of  Diffusion  states  that  the  mass  transport  of  ions  by  diffusion  is  proportional  to  the 
concentration  gradient.  A  limiting  current  exists  beyond  which  the  rate  of  deposition  would  be 
such  that  diffusion  and  migration  cannot  re- supply  the  metal  ions  fast  enough  to  maintain  an 
excess  concentration  of  ions.  At  the  limiting  current  (4)  as  soon  as  metal  ions  reach  the  surface 
they  are  reduced  and  the  metal  ion  concentration  at  the  surface  approaches  zero.  The  thickness  of 
the  diffusion  layer  8  is  governed  by  both  the  hydrodynamic  conditions  of  the  electrolyte  and  the 
bulk  metal  ion  concentration  (cb).  Higher  rates  of  bulk  electrolyte  movement  result  in  a  thinner 
diffusion  layer.  The  maximum  concentration  gradient  (cbIS)  is  thus  governed  by  the  hydrodynamic 
conditions  and  the  bulk  concentration  and  this  determines  the  limiting  current  density  which  can 
be  expressed  by  equation  [1], 

4  =  -  n_F_D_Cb  [1] 

8(1  -t) 

where  n  is  the  number  of  electronic  charges  carried  by  each  metal  ion,  F  is  Faraday’s 
Constant,  D  is  the  diffusion  coefficient  and  the  term  (1  -  t)  accounts  for  the  migration  of  the  ions 
under  the  electric  field,  where  t  is  the  transport  number  of  the  metal  ion  concerned. 
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In  general,  within  electrolytes,  metal  ions  are  usually  surrounded  by  charged  or  polarised 
molecules.  In  an  aqueous  solution  these  are  usually  water  molecules.  Other  species  such  as  CN 
ions  can  be  made  to  form  complex  molecules  around  the  metal  ions,  often  resulting  in  a  net 
negative  charge  (in  this  case  the  complexes  are  still  reduced  at  the  cathode  despite  their 
electrostatic  repulsion  to  it).  Usually  the  complexes  adsorb  onto  the  cathode  (via  weak  Van  der 
Waals  type  bonds)  allowing  surface  diffusion,  where  the  complexes  move  to  more  energetically 
favourable  sites  such  as  steps  or  holes.  Finally,  electrons  are  donated  by  the  cathode  and  the  metal 
ions  are  reduced  to  atoms  which  are  then  held  by  metallic  bonds  to  the  cathode. 

High  Speed  Selective  Jet  Electrodeposition 
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hydraulic  jump 


wall-jet 
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Figure  1.  Schematic  of  the  high  speed  selective  jet  electrodeposition  process. 


High  Speed  Selective  Jet  Electrodeposition  (HSSJE),  patented  by  NASA  in  1974,  uses  a 
free  standing  jet  of  electrolyte  impinging  onto  the  cathode  substrate  as  shown  in  Figure  1.  A 
current  is  passed  from  an  anode  which  is  placed  upstream  from  the  nozzle.  Away  from  the 
impingement  region  an  extremely  thin  radial  wall  jet  layer  of  electrolyte  forms.  The  electrical 
resistance  of  this  wall  jet  is  high  in  comparison  to  the  impingement  region  so  no  deposition  can 
occur  there.  As  a  result,  deposition  occurs  mainly  in  the  impingement  region  and  the  immediately 
surrounding  area.  Furthermore,  due  to  the  continual  supply  of  fresh  electrolyte  and  the 
hydrodynamic  conditions  created  the  thickness  of  the  diffusion  layer  S  is  smaller  and  hence  the 
mass  transport  of  metal  ions  to  the  surface  of  the  cathode  can  be  made  substantially  higher  than  in 
the  case  of  traditional  electroplating.  Consequently,  higher  current  densities  and  thus  higher 
deposition  rates  can  be  achieved  than  is  conventionally  possible.  A  more  detailed  discussion  of  the 
process  is  given  by  Bocking(l)  and  Chen(2).  By  moving  the  nozzle  in  relation  to  the  substrate 
whilst  deposition  is  occurring,  it  is  possible  to  selectively  “write”  tracks  and  patterns  at  relatively 
fast  rates  without  the  need  for  masking  the  substrate. 
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However,  at  the  veiy  high  current  densities  found  with  HSSJE,  the  time  allowed  for 
surface  diffusion  is  much  lower  and  deposits  can  be  rough,  porous,  hard  and  contain  higher 
internal  stresses.  Also,  since  the  diffusion  layer  is  much  thinner  any  small  elevation  in  the  cathode 
surface  will  protrude  into  a  region  of  higher  metal  ion  concentration.  This  produces  a  locally 
enhanced  current  density  and  the  protrusion  is  magnified.  By  this  effect,  the  maximum  current 
density  that  produces  a  good  deposit  is  set  well  below  the  maximum  current  density  as  described 
earlier.  In  order  to  facilitate  higher  speeds  of  deposition,  higher  concentrations  of  metal  ions  are 
often  used.  In  addition,  higher  temperatures  increase  the  diffusion  rate  of  metal  ions  and  jet 
deposition  benefits  from  electrolytes  operating  at  elevated  temperatures.  Also  many  electrolytes 
contain  constituents  that  are  corrosive  to  the  metal  that  is  deposited.  Consequently,  deposits 
produced  by  HSSJE  may  be  re-dissolved  by  the  flowing  electrolyte  during  “writing”  operations. 

As  organic  additives  used  in  conventional  techniques  (brighteners,  levellers  etc.)  are 
usually  adsorbed  onto  the  cathode  (a  time  dependant  phenomenon),  their  fraction  of  incorporation 
is  largely  dependent  on  the  current  density.  High  current  densities  and  thus  high  rates  of 
deposition  will  result  in  less  incorporation  into  the  deposit.  Hence  at  high  current  densities  these 
additives  are  less  effective.  Conventional  electrolytes  are  very  different  from  good  HSSJE 
electrolytes,  to  the  extent  that  HSSJE  electrolytes  often  will  not  work  in  conventional  plating 
baths. 


Due  to  the  low  currents  (despite  the  high  current  densities)  associated  with  HSSJE,  build 
rates  are  measured  in  grams  per  hour.  Hence  it  would  take  an  extremely  long  time  to  build  a  large 
metal  tool  using  a  single  nozzle.  Either  improvements  must  be  made  in  the  deposition  rates  or 
multiple  nozzles  must  be  used,  possibly  with  varying  apertures  for  combined  dimensional  accuracy 
and  speed.  Feedback/levelling  systems  are  required  to  build  large  deposits  due  to  the  factors  that 
amplify  surface  imperfections.  However,  provided  the  parts  are  reasonably  shallow,  this  could  be 
omitted.  Also,  overhangs  and  support  structures  may  prove  difficult  to  produce  and  indeed 
deposits  will  have  profiles  fitting  Gaussian  functions(4)  which  slope  asymptotically  towards  the 
substrate  surface.  Hence  it  is  likely  that  the  edges  of  layers  and  parts  will  not  have  straight  vertical 
sides.  Overhangs  could  be  produced  from  a  nozzle  to  substrate  angle  of  less  than  90°.  The  mass 
transfer  characteristics  of  an  oblique  jet  have  been  previously  documented  by  Chin  &  Agarwal(3). 
This  method  may  not  be  amenable  to  the  usual  CAD  =>  STL  =>  SLI  =>  vector  file  process  found 
with  other  RP  systems.  Hence  this  process  is  suited  to  small  complex  tools  and  EDM  electrodes 
rather  than  prototypes  as  these  will  require  overhangs  and  support  structures. 

Experimental 

The  electrolyte  composition  used  was  0.5M  sulphuric  acid  and  0.8M  copper  sulphate.  No 
organic  additives  were  used.  The  gantry  system  used  was  based  upon  a  Roland  Plotter  DXY  885, 
controlled  via  a  QBASIC  program  running  on  a  PC  through  a  RS232C  interface  with  the  pen 
up/down  function  modified  to  switch  on  and  off  the  current  to  the  nozzle.  The  temperature  was 
controlled  via  a  thermocouple  and  200W  collar  heater  through  which  the  electrolyte  was  pumped 
en  route  to  the  nozzle  and  the  flow  rate  monitored  using  the  same  PC.  The  QBASIC  program  was 
written  to  draw  the  particular  geometry  of  the  shape  to  be  produced,  although  more  recently  a 
program  has  been  written  to  slice  ASCII  .STL  files  and  use  the  data  to  create  a  Vector  file’  to 
control  the  motion  of  the  plotter. 
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Unfortunately,  the  minimum  scan  speed  allowed  by  the  plotter  was  lOmms  .  This  is  above 
the  optimum  scan  speed  due  to  the  finite  nucleation  time  for  copper  deposition.  If  the  speed  is  too 
fast  then  only  the  trailing  side  of  the  substrate  under  the  jet  will  have  had  enough  time  for  full 
nucleation  to  occur.  This  results  in  a  lower  effective  surface  area  of  deposit  and,  therefore,  a 
higher  current  density  and  a  lower  quality  of  deposit(4). 

For  all  experiments,  a  nozzle  of  internal  orifice  diameter  820  ±  20pm  was  used  with  a 
nozzle  to  substrate  distance  of  between  1  and  3mm.  A  polished  copper  block  was  used  as  a 
substrate  for  the  deposition  of  EDM  test  electrodes  and  untreated  copper  clad  PC  board  as  a 
substrate  for  all  other  experiments.  An  electrolyte  flow  rate  of  180  ±  40  mlmin  was  used  and  the 
temperature  was  kept  at  22.7°C  with  a  standard  deviation  of  0.8  .  The  current  was  controlled  by  a 
current  source  circuit  with  a  FET  at  its  heart. 


The  production  of  the  shape  shown  in  Figure  2  was  undertaken  using  HSSJE  except  the 
central  pins  radii  were  decreased  and  the  outer  square  perimeter  shrunk  by  0.4  mm  to  allow  for 

the  approximate  width  of  the  deposit.  The 
circle  was  left  unaltered  due  to  difficulties 
with  the  software  although  with  the  .STL 
file  slice  routine,  this  has  since  been 
rectified.  All  nozzle  scanning  was  carried 
out  horizontally  as  shown  in  Figure  2. 
Electrodeposited  copper  tracks  were  laid 
with  a  lateral  spacing  of  0.025mm.  It  was 
intended  to  create  an  injection  moulding 
tool  cavity  from  this  and  to  test  its 
performance  in  the  EDM  process. 

Figure  2.  The  first  test  piece. 


scan  direction 
<= - > 

012.000  - 


The  piece  shown  in  Figure  3  was  built  at  30 
mA  (56.8  mAmm'2)  with  40  layers.  The  build  height 
was  approximately  0.15mm  It  was  noticed  that  the 
central  pins  were  beginning  to  roughen  in  the  centre 
and  tiny  spots  were  beginning  to  build 
disproportionately  high.  Three  theories  were 
considered  for  this  phenomenon. 


Figure  3.  A  sample  built  at  30mA  (56.8  mAmm'2) 
for  40  layers. 


Firstly,  too  high  a  current  will  produce  a  rough  surface  as  described  above  and  eventually  vertical 
columnar  growth  will  occur.  Secondly,  once  a  track  is  deposited  the  substrate  surface  is  no  longer 
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flat.  A  second  track  next  to  the  first  track  will  not  produce  an  identical  profile  as  the  first  track 
(being  slightly  raised  from  the  surface)  will  tend  to  attract  the  current  from  the  second,  slightly 
raising  it  above  the  second  track.  Edge  effects  occur  in  a  similar  fashion.  Even  if  the  deposited 
surface  is  perfectly  flat,  the  edges  will  be  slightly  rounded,  eventually  asymptotically  approaching 
the  initial  substrate  surface.  As  a  result  of  this  rounding,  the  edge  of  the  deposit  will  attract  more 
current  from  the  interior  of  the  deposit.  This  produces  edges  which  are  higher  than  the  interior  of 
the  deposit  with  comers  being  higher  still.  The  nature  of  the  pins  are  that  they  have  a  large  edge 
to  deposit  area  ratio  and  hence  this  unevenness  of  the  surface  is  exaggerated. 

Finally  edge  effects  occur  due  to  the  finite  acceleration/deceleration  time  of  the  gantry 
system.  As  the  nozzle  moves  to  the  end  of  the  piece,  the  current  is  switched  off  but  since  the 
nozzle  does  not  stop  immediately,  a  higher  charge  per  unit  area  is  delivered  to  the  substrate.  This 
can  easily  be  solved  by  lowering  the  current  proportionally  as  the  velocity  decreases,  however,  it 
was  intended  to  see  if  the  process  could  work  with  a  minimum  of  complexity.  In  addition  to  these 
three  effects,  once  any  surface  protmsion  occurs  it  begins  to  attract  more  current  due  to  the 
nature  of  the  electric  field,  further  increasing  the  deformity  of  the  surface. 

To  determine  which  of  these  effects  is  responsible  for  the  degradation  of  the  surface  of  the 
pins,  or  if  a  mixture  to  what  extent  each  are  responsible,  it  was  decided  to  build  the  same  height  at 
the  lower  current  (and  lower  current  density)  of  20mA  (37.9mAmm‘2)  for  60  layers.  It  was 
noticed  that  this  system  still  showed  the  same  uneven  growth.  Therefore,  the  effect  cannot  be  due 
to  an  excessive  current  density. 

Surface  Roughness 

The  surface  roughness  of  the  samples  were  measured  in  a  region  away  from  any  edges. 

Two  samples,  one  with  140 
layers  at  7mA  (13.26  mAmm2), 
one  with  10  layers  at  20mA 
(37.9mAmm‘2)  were  found  to 
have  Ra  values  of  0.32  and  0.27 
pm  respectively.  The  surface 
appeared  shiny  with  an  almost 
mirror  finish. 

EDM  Performance 

The  test  geometry  was 
deposited  onto  a  solid  copper 
block  at  20mA  (37.9mAmm'2) 
for  40  layers  and  used  as  an 
electrode  to  spark  erode  into  a 
block  of  mild  steel.  A  pulse 

Figure  4.  The  surface  of  a  HSSJE  deposit  after  its  use  as  an  EDM  electrode. 


195 


current  of  5A  was  used  and  the  electrode  was  plunged  into  the  steel  by  approximately  0.3mm. 
The  results  were  good  and  the  electrode  after  sparking  is  shown  in  Figure  4.  The  electrode 
showed  some  wear  especially  around  the  outer  edge  of  the  deposit.  This  may  be  due  to  poor 
adhesion  or  internal  stress  in  the  deposit. 

Edge  effects 

A  second  test  piece  was  created  to  investigate  the  edge  effects.  The  piece  was  as  shown  in 
Figure  5  with  the  dimension  x  being  variable.  All  experiments  on  this  piece  were  performed  using 
the  same  experimental  conditions  except  the  track  spacing  was  0.1mm.  Current  (densities)  of  7 
mA  (13.26  mAmirr2)  and  14  mA  (26.52  mAmm2)  were  used  with  between  500  and  3000  layers. 
All  scanning  was  performed  left  and  right  as  shown  in  Figure  5.  With  each  sample  produced,  the 
heights  at  each  of  the  points  displayed  1  to  11  in  Figure  5  were  measured  from  the  bottom  of  the 
substrate  (epoxy/glass  fibre  PC  board)  using  a  micrometer  with  a  conical  probe  with  a  flat  circular 
tip  of  0.5  mm  diameter.  It  was  generally  found  that  the  two  comers  (points  1 1  and  12)  were  the 
highest  (merely  an  addition  of  two  edge  effects),  the  ridge  at  the  end  (point  10)  was  next, 
followed  by  the  sides  (points  8  and  9),  followed  by  the  top  of  the  flat  (points  5,  6  and  7).  This 
indicated  that  both  edge  effects  are  significant.  The  three  values  of  interest  for  each  deposit  were 
the  difference  between  the  average  height  of  the  middle  of  the  flat  top  of  the  deposit  (points  5,  6 
and  7)  and  the  average  height  of  the  top  of  the  substrate  (points  1,  2,  3  and  4),  the  standard 
deviation  of  the  average  height  of  the  middle  of  the  flat  top  of  the  deposit  (points  5,  6  and  7)  and 
the  standard  deviation  of  all  the  flat  top  (points  5,  6,  7,  8,  9,  10,  11  and  12).  These  three  values 
were  named  the  useful  height,  the  S.D.  of  useful  height  and  the  total  S.D.  of  the  deposit 
respectively. 


Figure  6  shows  the  variation  of  the  useful  height  with  number  of  layers.  The  graph  shows 
that  for  the  range  of  samples  shown,  the  useful  height  remains  linear  with  a  build  of  0.2  gm  per 
layer  (at  7mA)  indicating  that  if  the  surface  were  to  be  levelled  (e.g.  by  milling)  then  any  build 
height  in  the  region  studied  could  be  used  between  each  milling  operation. 


196 


Useful  Build  Height  r~  ; 

♦  height  of  useful 
build  (7mA) 

| 

height  of  useful  j 

build  (14mA)  I 

_  I 

Linear  (height  of 
useful  build  (1  4m  A))| 

" 1  Linear  (height  of 

0  1000  2000  3000  j  useful  build  (7mA)) 

i  I 

layers 

Figure  6.  The  variation  of  the  useful  build  height  versus  number  of  layers  at  7  and  14mA 
(current  density  at  the  nozzle  exit  is  13.26  and  26.52  mAmm2  respectively). 
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Figure  7.  The  variation  of  the  standard  deviation  of  the  height  of  the  flat  section  versus 
number  of  layers  at  7  and  14mA  (current  density  at  the  nozzle  exit  is  13.26  and  26.52 

mAmm  2  respectively). 

Figure  7  shows  the  variation  of  the  standard  deviation  of  the  useful  height  with  the  number 
of  layers.  It  suggests  that  the  unevenness  of  the  flat  top  of  the  deposit  increases  with  the  number 
of  layers  although  the  data  shows  no  clear  trends.  This  is  probably  because  three  measurements  is 
not  enough  to  calculate  each  standard  deviation  point  accurately. 

Figure  8  shows  the  variation  of  total  standard  deviation  (points  5,  6,  7,  8,  9,  10,  11  and 
12)  of  all  available  samples  against  the  useful  build  height.  The  useful  build  height  was  used 
instead  of  the  number  of  layers  as  it  allows  for  the  different  build  rates  associated  with  different 
currents  used.  It  also  allows  for  any  minor  deviation  in  current  from  that  stated  and  for  deviations 
in  the  build  time  (i.e.  the  plotter  moving  too  fast/slow  causing  less/more  deposit  per  layer).  It 
shows  that  the  data  is  fairly  consistent  for  both  currents  used  although  more  data  is  needed  at  the 
high  end  of  the  graph.  It  also  suggests  that  the  deposit  becomes  more  deformed  with  increasing 
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thickness  in  an  exponential  manner  confirming  that  any  surface  imperfections  attract  more  current 
and  are  thus  further  magnified. 

Total  Standard  Deviation  versus  Useful  Build  Height 


0  0.1  0.2  0.3  0.4  0.5  0.6 

build  height  (mm) 

Figure  8.  Graph  showing  the  useful  build  height  against  the  total  standard  deviation  of  all 

measurements  of  the  deposit. 

The  results  indicate  that  for  a  particular  height  of  build,  the  size  of  the  deformities  in  the 
deposits  are  independent  of  the  current  used  (for  the  currents  used)  up  to  approximately  0.4  mm, 
beyond  which  further  results  are  required. 

Discussion 

The  results  also  indicate  that  parts  higher  than  0.5mm  cannot  be  built  without  a  levelling 
system  or  active  current  control.  Parts  that  are  less  than  0.5mm  will  have  a  horizontal  inaccuracy 
proportional  to  nozzle  diameter.  Build  speed  is  ultimately  inversely  proportional  to  nozzle  area. 
Hence,  a  compromise  is  necessary  unless  multiple  nozzles  are  to  be  used.  In  addition,  some 
geometries  are  more  problematic  than  others,  e.g.  small  pins.  Other  inaccuracies  exist,  including 
the  shallow  sloping  sides.  However,  the  possibility  exists  to  make  SFF  parts  with  micron  layer 
thickness.  The  process  produces  adequate  EDM  electrodes  directly  although  care  must  be  taken. 
For  parts  larger  than  0.5mm  high  active  current  control  or  a  levelling  system  is  necessary. 
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Abstract 

The  term  "Rapid  Tooling"  refers  to  the  rapid  creation  of  tools  in  much  the  same  way  as  Solid 
Freeform  Fabrication  (SFF)  means  the  rapid  creation  of  models.  This  revolutionary  approach 
offers  both  designers  and  manufacturers  attractive  advantages  in  the  form  of  time  compression 
and  cost  reduction.  Timesaving  is  of  vital  significance  in  the  production  of  EDM  electrodes  for 
the  fabrication  of  moulds  and  dies.  The  employment  of  SFF  and  electroplating  for  this  purpose  is 
described.  The  performances  of  these  new  type  of  electrodes  were  compared  with  those  obtained 
conventionally  in  terms  of  dimensional  tolerances,  surface  roughness  and  working  time.  The 
surfaces  of  both  electrodes  and  workpieces  were  also  examined  by  SEM  microscope. 

1.  Introduction 

Constant  improvements  in  the  performance  of  Solid  Freeform  Fabrication  (SFF),  also  well 
known  as  Rapid  Prototyping  (RP)  technologies  [1,2,3]  and  both  terms  will  be  used  in  the  paper, 
have  greatly  extended  their  market.  This  is  particularly  true  with  regard  to  Rapid  Tooling  (RT), 
the  name  given  to  the  fabrication  of  tools  used  to  make  small  runs  of  parts  for  construction  of 
the  prototypes  of  mass-produced  objects.  Both  the  technical  and  the  commercial  literature,  in 
fact,  show  that  other  undeniably  interesting  applications  are  overshadowed  by  rapid  tooling. 

A  sector  of  major  importance  that  has  so  far  received  little  attention  is  the  fabrication  of 
electrodischarge  machining  (EDM)  electrodes,  especially  those  employed  in  the  manufacture  of 
small  and  medium-sized  dies  and  moulds.  The  application  of  RP  techniques  in  the  direct  mould 
manufacture  by  metallisation  [4]  has  some  limits: 

•  it  is  fairly  easy  to  use  only  for  the  production  of  simple  plastic  injection  moulds  and  probably 
for  sheet  metal  drawing  dies; 

•  it  can  be  employed  to  make  simple  dies  without  the  moving  parts  needed  to  make  the 
undercuts. 

The  fabrication  of  an  EDM  electrode  by  SFF,  on  the  other  hand,  would  be  followed  by 
unrestricted  conventional  manufacture  of  the  die  or  mould.  The  economic  aspects  of  this 
combination  have  still  to  be  determined. 

2.  Production  of  EDM  electrodes  by  Solid  Freeform  Fabrication 

The  RP  model  [5]  itself  could,  in  principle,  be  used  as  the  electrode,  or  employed  as  a  master 
for  the  creation  of  the  final  electrodes  through  further  processes.  The  first  alternative  is 
unfeasible,  since  SFF  techniques  cannot  be  easily  used  for  the  direct  production  of  metal  objects, 
and  even  if  the  present  limitations  were  overcome  the  metal  structure  would  be  unsuitable  for  an 
electrode.  The  second  requires  further  operations,  but  results  in  good  precision  and  an  excellent 
finish. 

Three  methods  can  be  used  to  obtain  an  electrode  from  a  RP  negative  master: 

•  copper  spraying:  this  has  proved  feasible  in  a  number  of  tests.  Its  drawback  is  that  electrode 
wear  is  considerable  during  machining  due  to  the  porosity  of  the  copper; 
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•  investment  easting:  this  method  has  proved  satisfactory  in  other  applications.  Electrodes  made 
in  this  way,  however,  are  unsuitable  for  EDM,  since  their  structure  results  in  marked  granular 
corrosion  and  rapid  deterioration; 

•  electroplating:  the  RP  model  is  coated  with  a  conductive  lacquer  and  clad  with  a  layer  of 
copper  in  a  galvanic  bath.  This  method  is  inexpensive,  since  the  forming  operation  is 
unmanned.  In  addition,  the  copper  is  very  pure  and  dense.  The  long  processing  time  required 
and  some  geometrical  limits,  however,  are  the  drawbacks. 


A-A 


Figure  1:  Negative  master  of  the  EDM  electrode. 

Electroplating  offers  the  best  trade-off  between  advantages  and  disadvantages.  In  the  light  of 
the  current  capacities  of  RP  techniques  [6,7]  in  terms  of  dimensional  tolerance  and  surface  finish, 
it  may  be  supposed  that  the  electrodes  produced  in  this  way  will  only  be  suitable  for  roughing 
operations. 

2-  Experimental  work 

The  feasibility  of  constructing  a  electroplated  EDM  electrode  was  initially  investigated  with  a 
part  whose  geometry  was  relatively  complex  (fig.  1),  yet  readily  measurable  with  a  co-ordinate 
measuring  machine  (CMM).  Electroplating  was  carried  out  in  an  experimental  cell  (fig.  2) 
designed  and  built  for  the  purpose  at  the  University  of  Ancona.  It  has  an  acid  bath  and  a  soluble 
copper  anode,  and  is  equipped  with: 

•  a  temperature  control  system  to  keep  the  bath  at  23 °C,  (range  of  recommended  temp.. 
[20-30]°C); 

•  a  fumes  exhaust  system; 

•  a  controlled  voltage  D.C.  supply  unit  connected  to  a  continuity  set,  since  if  copper  were 
deposited  chemically  during  a  power  failure  it  could  prevent  the  build-up  of  the  plating  layer 
when  the  current  comes  on  again. 

The  process  parameter  values  have  been  chosen  to  maximise  the  growth  rate  of  the  layer  once 
it  is  a  few  millimetres  thick. 
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Figure  2:  Sketch  of  the  Cu  electrodeposition  cell. 

The  type  of  conductive  paint  applied  on  the  surface  of  the  negative  master  is  one  of  the  factors 
that  determine  the  quality  of  the  result,  since  it  has  a  great  influence  on  the  rate  of  growth  and  the 
dimensional  precision.  Preliminary  tests  were  run  with  copper  and  silver  charged  paints  and  with 
gold  sputtering.  A  silver  paint  was  chosen  on  the  basis  of  four  parameters:  ease  of  application, 
covering  power,  growth  rate  and  geometrical  resolution.  The  master  was  built  by 
stereolithography  (SLA),  as  this  widely  used  technique  ensures  good  resolution  and  a  good 
surface  finish  [7], 

The  first  question  to  be  settled  was  the  dimensional  stability  of  the  master  in  the  galvanic  bath, 
since  one  of  the  main  problems  with  polymers  is  their  hygroscopic  behaviour.  The  master  was 
formed  on  a  3D  System  machine  with  the  new  CIBATOOL  SL5170  epoxy  resins.  A  wax  master 
was  also  made  with  a  Desktop  NC  manufacturing  system. 

Both  masters  were  covered  with  an  approx.  3  mm  layer  of  copper.  Insertion  of  a  metal  stem 
and  filling  of  the  shell  with  resin  to  stiffen  the  structure  obtained  by  electroplating  and  lock  the 
stem  inside  it  completed  construction  of  the  electrode.  The  dimensional  tolerance,  the  shape 
errors  (flatness,  roundness  and  cylindricity)  and  both  horizontal  (-^)  and  vertical  (^)  surface 
roughness  of  the  two  masters  and  electrodes  were  measured  and  the  results  are  illustrated  in  Table 
I. 

The  precision  of  the  two  masters  is  much  the  same  and  the  electrodes  obtained  from  them  are 
of  practically  the  same  quality.  In  view  of  this  demonstration  of  the  stability  of  the  SLA  and  the 
fact  that  it  showed  no  signs  of  alteration  and  could  therefore  be  used  again  after  removal  of  the 
copper  shell,  it  was  decided  to  make  two  more  electrodes: 

•  one  from  the  SLA  master  as  before; 

•  the  other  by  conventional  milling  with  an  NC  machine  tool. 

Both  electrodes  were  then  used  to  make  a  cavity  in  a  block  of  AISI  1040  carbon  steel.  The 
SLA  master,  copper  electrode  and  workpiece  are  shown  in  fig. 3. 
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Table  I:  Master  and  electrode  dimension,  shape  and  roughness  measurements. 


Element 

Max  n 

Shape  error  (pm) 

Ra  (pm) 

90%  [*] 

Flatness 

Roundness 

* 

Wax  master 

299 

9 

15 

29 

4 

5 

Electrode 

590 

34 

14 

198 

5 

RP  master 

240 

3 

17 

41 

6.2 

Electrode 

204 

16 

14 

26 

m&M 

6.2 

[*]  n:  number  of  tolerance  unit  (5). 


Figure  3:  a)  SLA  master,  b)  Cu  electrode,  c)  workpiece;  both  electrode  and  workpiece  were 
sectioned  to  make  SEM  observations.  On  section  of  electrode  is  visible  the  deposed 
layer  of  copper. 

The  EDM  parameter  values  were  set  for  each  test  for  evaluation  of  electrode  performance. 
Dimension,  shape  and  surface  roughness  measurements  were  taken  from  the  masters,  electrodes 
and  workpieces.  Both  electrodes  and  the  machined  workpieces  were  also  examined  at  SEM  . 

As  can  be  seen  in  Table  m,  the  dimension  and  shape  tolerances  of  the  two  electrodes  are  of  the 
same  order  of  magnitude  (see  also  fig.  4).  There  are  two  reasons  for  this:  the  conventional  milled 
electrode  was  made  to  wide  machining  tolerances  for  roughing  operations;  the  intrinsic  difficulty 
of  obtaining  tighter  tolerances  when  working  on  a  malleable  material  such  as  electrolytic  copper. 


4.  Results  and  discussion 


4.1  Machining  performance 

EDM  is  very  slow  when  compared  with  conventional  material  removal  processes.  As  much 
material  is  possible  is  usually  removed  by  conventional  drilling  and  milling  to  save  time  and 
minimise  electrode  wear.  This  was  not  done  in  our  study  since  the  aim  was  to  assess  tool 
performance  under  the  hardest  conditions 


A  commercial  EDM  machine  was  used,  with  hydrocarbon  as  the  dielectric.  The  test 
parameters  were:  voltage  (V),  the  discharge  time  (t),  and  the  efficiency  ratio  (t),  defined  as  the 
ratio  between  t  and  the  duration  of  the  test  sequence  (discharge  plus  idle  time).  The  test  consisted 
of  two  stages:  machining  of  the  cylindrical  part  of  the  electrode  only;  machining  of  the  whole 
electrode,  including  the  part  with  the  more  complicated  shape.  The  parameter  values  are  set  out  in 
Table  13.  The  electrode  obtained  from  the  SLA  master  used  more  current  at  the  same  voltage.  Its 
removal  rate  (Vas),  however,  was  faster  than  that  of  the  conventional  electrode. 

Table  II:  EDM  test  parameter  values. 


Conventional 

SFF  (SLA) 

First  stage 
t  [ms] 

300 

300 

V[V] 

=45 

=45 

I  [A] 

7 

14 

t  [t/p] 

0.9 

0.9 

Vas  [mm3/min] 

13 

18 

t  [h] 

2.2 

1.6 

Second  stage 
t  [ms] 

750 

750 

V[V] 

=45 

=45 

I  [A] 

18 

20 

t  [t/p] 

0.9 

0.9 

Vas  [mm3/min] 

255 

302 

t[h] 

3.9 

3.3 

4.2  Geometrical  and  roughness  measurements 

The  geometrical  and  shape  tolerances  of  the  masters,  electrodes  and  workpieces  were 
determined  with  a  CMM,  which  measures  parts  at  all  points  with  the  same  nominal  dimensions. 
The  surface  roughness  of  the  parts  was  evaluated  with  a  Hommel  T  1000  Stylus  instrument  using 
a  sampling  length  of  4.8mm.  As  regard  the  dimensional  error  our  evaluation  model  [7]  introduces 
the  number  of  tolerance  unit  (n)  for  90%  of  the  observations  as  the  quality  index,  It  is  included  in 
the  third  column  of  Table  III  and  is  also  illustrated  in  fig.4.  The  shape  errors  (flatness,  roughness 
and  cylindricity)  are  listed  in  the  forth,  fifth,  and  sixth  columns,  and  the  roughness  measurements 
in  the  seventh  and  eighth  columns. 

As  can  be  seen,  there  are  no  significant  differences  in  the  maximum  tolerance  grade  and  the 
roughness  measurements  of  the  workpieces.  The  worse  flatness  and  cylindricity  of  the  part 
machined  with  the  electrode  derived  from  the  SLA  master  can  probably  be  attributed  to  the 
difficulty  in  its  assembly. 

It  can  therefore  be  asserted  that  the  technology  of  galvanic  deposition  of  copper  in  thickness  on 
models  constructed  by  SLA  can  be  used  with  success  for  the  production  of  EDM  electrodes  to  be 
employed  in  roughing  operations. 

4.3  SEM  observations 

After  machining  the  surfaces  of  both  electrode,  derived  by  SLA  master  and  the  workpiece  were 
sectioned,  cleaned  ultrasonically  and  observed  at  SEM  microscope. 
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Table  EDI:  Comparison  of  the  results  of  the  EDM  electrode  manufacturing  methods. 


Method 

Element 

Max  n 

90% 

Shape  error  (mm) 

Ra  ( 

iim) 

Flatness 

Roundness 

mm 

Conventional 

422 

5 

7 

24 

3.5 

Electrode  after 
machining 

456 

8 

7 

16 

4.1 

■ 

480 

20 

11 

24 

16 

13 

SFF  (SLA) 

RP  model 

240 

3 

17 

41 

5.4 

6.2 

Electrode  before 
machining 

204 

16 

14 

26 

5.4 

6.2 

|i|H| 

220 

6 

16 

25 

6.6 

7.1 

518 

84 

20 

68 

14 

13 

The  shallow  craters,  roundish  remolten  parts  and  cracks  (fig.5)  reported  for  EDM  of  various 

types  of  steel  [8]  were  observed  on  the  workpiece. 

In  the  horizontal  zone  of  the  hole,  the  globular  parts  are  present  in  greater  quantity  with  respect 
to  the  vertical  surface  (fig.6);  this  fact  is  imputable  to  the  different  efficiency  of  washing  on  the 
inside  of  the  hole  during  the  machining.  A  similar  difference  was  noted  on  the  electrode  in  the 
form  of  a  greater  iron  contamination  (see  the  arrows  in  fig.7)  from  the  workpiece  on  the 
horizontal  as  opposed  to  the  vertical  part.  Reciprocal  tool-workpiece  contamination  has  also  been 
reported  for  EDM  operations  with  conventional  tools  [8].  The  outer  white  layer  and  the  altered 
layer  immediately  below  it  are  similar  to  those  observed  by  other  authors  [9]. 


■  Workpiece  ®  Electrode  before  machining 


Conventional  SFF  (SLA) 

Figure  4:  Comparison  of  both  electrodes  and  workpieces  in  terms  on  number  of  tolerance  unit  for 
the  90%  of  observations. 
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Figure  5:  SEM  image  of  the  vertical  surface  of  the  hole 


Figure  6:  SEM  image  of  the  vertical  (a)  and  horizontal  (b)  surface  of  the  workpiece. 

5.  Conclusions 

Four  conclusions  can  be  drawn  from  this  study: 

1.  the  method  proposed  gives  electrolytic  copper  electrodes  from  SLA  masters.  Other  SFF 
techniques  can  not  be  used,  because  they  do  not  allow  an  acceptable  surface  finish  to  be 
obtained; 

2.  the  dimensional  precision  of  these  electrodes  is  on  a  par  with  that  of  those  produced 
conventionally  for  the  same  type  of  operations; 

3.  the  deep  thickness  obtainable  suggests  that  a  0.5  -  1  mm  machining  allowance  can  be  provided 
for  conventional  finishing,  which  would  mean  that  the  method  could  equally  be  used  to 
produce  EDM  electrodes  for  surface  finishing  operations; 

4.  the  performance  of  these  electrodes  is  decidedly  superior  to  that  of  a  tool  obtained  by 
mechanical  machining  from  a  bar  nominally  of  the  same  material. 


Figure  7:  SEM  image  of  the  horizontal  (a)  and  vertical  (b)  surfaces  of  the  electrode. 


No  assessment  can  yet  be  made  of  the  economic  aspects  of  this  method,  since  its  feasibility 
requires  further  study. 

Endurance  tests  are  now  in  progress  to  determine  the  behaviour  of  the  new  electrodes  over 
time,  together  with  trials  of  the  method  in  the  fabrication  of  an  injection  mould.  Their  completion 
will  allow  initial  conclusions  to  be  drawn  concerning  the  time  and  cost  required  for  the 
production  of  an  electrode  of  average  complexity. 
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ABSTRACT 

A  new  technique  for  building  large  prototypes  from  layered  substrate  relies  on  a  higher 
order  construction  algorithm  to  produce  accurate  prototypes  from  thick  layers.  The  process  is 
capable  of  producing  a  4’  by  8’  by  20’  object  in  less  than  two  days.  Using  this  technique  to 
produce  molds  instead  of  parts  allows  construction  of  large  castings  and  composite  structures. 
Example  parts  include  composite  airfoils,  a  19  foot  canoe,  and  a  custom  fairing  for  a  racing  car. 

INTRODUCTION 

The  common  construction  technique  used  by  rapid  prototyping  (RP)  devices 
commercially  available  in  the  current  market  such  as  Stereolithography  (SLA)  [9],  Laminated 
Object  Manufacturing  (LOM)  and  Fused  Deposition  Modeling  (FDM)  [10],  produce  prototypes 
from  2D  layers  producing  a  stepped  shape.  Current  devices  move  and  work  only  vertically 
which  is  referred  to  here  as  the  stepped  cut  algorithm  (SCA).  This  stepped  algorithm  results  in 
poor  accuracy  unless  the  layers  are  thin  and  thus  is  not  efficient  for  building  large  prototypes. 

There  is  a  growing  demand  for  prototypes  of  large  objects,  that  can  not  be  met  by  current 
techniques  because  of  their  size  limitations.  New  prototyping  techniques,  using  higher  order 
construction  algorithms  (HOCA)  developed  at  The  Manufacturing  Processes  Laboratory  at  The 
University  of  Utah  (MPL)  address  this  problem.  In  this  paper,  two  advanced  algorithms  are 
discussed  as  demonstrations  of  HOCA;  ruled  cut  algorithm  (RCA)  and  curved  cut  algorithm 
(CCA).  The  MPL  has  recently  developed  Shape  Maker  II  (SM2)  to  implement  RCA,  and  has 
been  developing  Shape  Maker  III  (SM3)  for  CCA.  These  two  new  RP  devices  allow  production 
of  large  prototypes  up  to  4’  by  8’  by  unlimited  length  using  HOCA.  The  devices  cut  1/2”  to 
1 .5”  thick  sheets  of  polystyrene  foam  using  an  electrically  heated  wire  as  a  cutter.  [1] 

The  polystyrene  foam  parts  produced  from  these  machines  have  little  direct  application 
other  than  as  form  models  due  to  the  poor  mechanical  properties  of  the  foam.  However,  using 
techniques  described  below,  the  models  can  be  converted  to  full  strength  engineering  structures. 
The  foam  models  can  be  used  as  expendable  patterns  for  construction  of  large  polymer  composite 
structures.  If  the  surface  strength  of  the  model  is  improved  with  a  coat  of  fiberglass,  the  model 
can  be  used  as  a  reusable  pattern  for  low  production  quantities.  Using  a  latex  layer  vacuum 
formed  to  the  model  surface,  a  rapidly  changeable  reusable  mold  can  be  produced.  The  text  below 
introduces  the  HOCA  algorithms  and  describes  the  various  manufacturing  applications. 

CONSTRUCTION  ALGORITHMS:  Stepped  Cut  Algorithm  (SCA) 

SCA  is  the  simplest  algorithm  used  by  most  of  existing  RP  devices.  Since  it  uses  a  2D 
profile  instead  of  3D  for  each  layer,  only  vertical  motions  of  a  cut  device  are  allowed.  It  assumes 
the  geometry  of  a  top  cross  section  is  same  as  bottom  cross  section  of  a  layer.  In  other  words,  it 
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ignores  changes  in  shape  along  with  building  direction.  Thus,  SCA  is  inaccurate  with  thick  layers, 
and  acceptable  in  the  case  of  very  thin  layers  or  layers  not  changing  shape  in  the  cut  direction. 
These  algorithms  are  explained  pictoriaily  in  Fig.  1. 


Figure  1: 


U 


3 


(a)  (b)  (c) 

Cross  section  of  a  model  with  three  construction  algorithms,  a)  Stepped  cut  algorithm 
(b)  Ruled  cut  algorithm  (c)  Curved  cut  algorithm 


CONSTRUCTION  ALGORITHMS:  Ruled  Cut  Algorithm  (RCA) 

RCA  produces  layers  of  finite  thickness  that  have  general  ruled  surface  edges.  After 
getting  geometry  information  of  top  and  bottom  cross  sections  of  a  layer,  a  control  program  must 
find  the  desired  cutter  path  by  matching  the  two  cross  section  geometry’s.  With  RCA,  the  cutter 
path  is  considered  as  a  series  of  first  order  polynomial  functions  as  follows; 

x-xl  =  y-y i  _  z-Zy 
x2  -  *i  yi  -  y\  zi  -  z\ 

where  A(xj,yi,Zi)  and  B(x2y2,z2)  are  points  on  the  bottom  and  top  cross  sections  of  a  layer. 

Using  RCA  the  cutter  follows  the  exact  geometry  of  the  top  and  bottom  cross  section  of 
each  layer  and  approximates  the  geometry  in  between  with  a  ruled  surface.  In  comparison  with 
SCA,  RCA  reduces  error  dramatically  for  parts  with  sloped  or  curved  edges,  and  allows  increased 
layer  thickness  with  small  errors.  Increasing  the  layer  thickness  with  small  error  means  reducing 
manufacturing  time  and  making  large  objects  with  an  acceptable  level  of  error.  RCA  has  been 
successfully  implemented  as  Shape  Maker  II  (SM2),  a  RP  device  developed  at  the  MPL. 


CONSTRUCTION  ALGORITHMS:  Curved  Cut  Algorithm  (CCA) 

Though  RCA  is  an  advanced  algorithm  in  comparison  with  SCA,  performance  can  be 
further  improved  with  CCA.  CCA  accommodates  the  all  capabilities  of  RCA  and  adds  more 
functionality  for  a  more  accurate  approximation  of  actual  object  geometry.  Among  algorithms 
discussed  here,  CCA  is  the  best  for  complex  3D  shapes.  To  define  a  function  representing  a 
curved  shape,  the  knowledge  of  coordinates  of  at  least  three  points  are  required  and  an  arc  is 
completely  specified  by  these  three  points.  Two  points,  top  and  bottom  points  of  a  layer,  are 
known  since  geometry  information  of  cross  sections  can  be  obtained  by  slicing  STL  object,  and  it 
is  reasonable  to  get  a  third  point  from  an  additional  cross  section  spaced  between  the  upper  and 
lower  surfaces  of  the  intended  slice.  Three  methods  of  manipulating  these  three  points  to  get  a 
function  of  a  curve  are  discussed  below. 
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Arc  method  :  An  arc  can  be  defined  by  a  center  point,  radius,  and  start  and  end  points.  Start  and 
end  points  become  top  and  bottom  points  of  a  layer  to  be  matched.  Center  and  radius  can  be 
found  by  calculating  crossing  point  of  two  lines,  which  divide  lines  in  half  passing  two  of  three 
points  and  are  perpendicular  to  the  lines.[l]  If  the  three  known  points  are  A(xi,yhZi), 

B(x2,y2,z2)  and  C(x3,y3,z3),  the  center  and  radius  of  an  arc  can  be  calculated  as  follows; 

Step  1:  shift  and  rotate  :  Shift  points  by  (-x^-y^-Zj)  then  rotate  points  about  z  axes  in  order  to 
lie  points  on  x-z  plane.  New  points  will  be; 


x4 
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X6 
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o" 
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where  9  =  atn - and  y4  =  y5  =  y6  =  0 

x2  —Xi 

Step  2:  center  and  radius  :  Find  center  (xc,yc,zc)  and  radius  r  of  an  arc  with  A1,  B1  and  C1  on  x-z 
plane.  As  described  above,  a  center  is  a  cross  point  of  two  lines; 


*s-*4  1.  *S~*4 


*5  -*4 
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Thus, 
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r  =  ^-xj  +  (zc-z4)2 
and  cutter  path  on  x-z  plane  can  be  defined  as; 

(xl-xj+(z'-zc)2  =  r2,  y  =  0 

Step  3.  Rotate  about  z  axes  (xl5yi,zi)  to  original  coordinates  resulting  (x,y,z)  as  follows; 
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Smooth  surface  method  :  For  smooth  surface  of  prototypes,  the  slopes  at  the  top  and  bottom 
points  of  a  layer  should  be  equal  to  the  slope  of  the  same  points  of  adjacent  layers.  The  cutter 
path  is  defined  by  slopes  at  top  and  bottom  points,  and  length  of  a  path.  Like  the  above  method, 
all  parameters  are  calculated  in  the  x-z  plane,  then  transform  the  coordinates  to  original  system. 


dz 
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dz 

bottom 

dz 

bottom 

dz 

dx 
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Second  order  method  :  Three  points  can  define  a  second  order  polynomial.  Three 
parameters  in  a  second  order  function  can  be  also  found  in  x-z  plane  with  known  three  points; 
top,  bottom  and  middle  points. 

z  =  ax2  +  bx  +  c 

NEW  PROTOTYPING  DEVICES:  Shape  Maker  II  (SM2) 

SM2  is  designed  as  4  axis  device  as  shown 
in  Fig.  2  [1].  Two  ends  of  a  cutter,  an  electrically 
heated  wire,  are  supported  by  carriers  and  each 
carrier  moves  in  two  independent  directions  (x,y). 

Thus,  SM2  is  able  to  cut  ruled  surface  edges  up  to 
45  degree  (current  machine  design  limit) 
implementing  RCA.  Each  cutter  carrier  has  a  ball 
with  a  hole  in  the  middle  so  that  a  cutter  freely 
slides  inside  ball  and  adjusts  its  length  when  it 
tips.  The  current  cutter  design  allows  cutting 
thermoplastic  foam  less  than  1 .5  in  thick.  All  axes  are  driven  by  stepper  motors  and  a  custom 
control  software  developed  at  MPL.  Construction  speed  varies  with  geometry,  and  is  roughly  6 
in/hr  for  large  objects  when  layer  thickness  is  1  in. 

NEW  PROTOTYPING  DEVICES:  Shape  Maker  III  (SM3) 

SM3  is  an  8  axis  device  which  is  an  advanced  version  of  SM2.  It  can  produce  curved 
surface  parts  using  CCA.  Four  axes  are  used  to  position  the  top  and  bottom  cutter  carriers  in  x 
and  y  axes.  In  addition,  there  are  tipping  mechanisms  to  give  angles  to  the  cutter  in  three 
directions  :  one  angle  in  common  for  the  top  and  bottom  of  the  cutter,  and  one  independent  angle 
at  each  end  of  the  cutter.  The  last  axes  controls  the  length  of  the  hot  wire  cutting  surface.  The 
control  software  will  calculate  8  parameters  (jc, ,  yx , x2, y2 » 0X ,  d2,  (93,f)  and  drive  8  motors.  SMS 
is  currently  under  development. 


Figure  2:  Shape  Maker  II  [1] 


APPLICATION  TO  COMPOSITE  TOOLING 


Mold  tooling  using  fiber  and  resin  is  considered  “soft”  by  comparison  to  steel  mold 
tooling.  Metal  mold  tolling  is  usually  used  for  large  production,  while  composite  mold  tooling  is 
used  for  low  production  and  critical  applications  where  thermal  expansion  is  a  concern.  [7]  With 
traditional  mold  tooling  methods,  making  a  mold  has  required  many  steps  of  processing  and 
handwork  taking  a  couple  of  months  in  many  cases.  This  traditional  paradigm  can  be  improved 
by  applying  RP  technology  to  mold  tooling.  Furthermore,  composite  tooling  can  also  take 
advantage  of  pattems/molds  tooling  made  by  a  RP  device.  In  this  paper,  the  applications  of  foam 
pattems/molds  made  by  Shape  Maker  to  composite  tooling  of  large  structures  are  introduced. 

The  proposed  techniques  have  many  advantages.  First,  foam  pattems/molds  for  full  scale 
large  composite  parts  can  be  made  economically,  accurately  within  few  days  using  Shape  Maker 
(SM).  Second,  this  technique  eliminates  several  steps,  and  handwork  normally  needed  in 
traditional  mold  tooling  techniques  which  reduces  manufacturing  costs  and  time  from  months  to 
few  days.  [7]  Third,  the  computerized  prototyping  process  is  a  semi-automated  process,  thus, 
increases  accuracy.  Finally,  dealing  with  a  3D  CAD  drawing  object  is  also  a  lot  easier  than 
working  with  the  disposable  2D  mylar  drawings  from  traditional  processes. 

However,  as  thermoplastic  foam  is  used,  some  limitations  of  foam  mold  tooling  have  been 
found.  Since  the  maximum  working  temperature  of  polystyrene  foam  is  around  140F,  only  low 
temperature  cure  epoxy  resins  are  acceptable.  Moreover,  compressive  yield  strength  is  in  the 
range  of  23  to  44  psi.  Thus,  high  pressure  autoclave  processing  is  not  appropriate.  Finally,  the 
choice  of  resin  is  limited  to  phenolics  or  epoxies  to  avoid  dissolving  the  foam.  [5] 

When  applying  foam  pattems/molds  made  by  SM  to  composite  laminates,  two  methods 
are  applicable.  First,  lay-up  a  final  composite  structure  directly  on  the  foam  pattern  or  mold 
made  by  SM,  and  vacuum  bag  and  cure  at  room  temperature.  Second,  lay-up  an  intermediate 
composite  mold  tool  on  the  foam  pattern,  so  that  the  foam  pattern  becomes  reusable,  and  lay-up 
final  composite  structure  on  the  intermediate  mold  tool  and  cure  at  high  temperature  in  an 
autoclave.  [5]  Examples  of  both  cases  are  demonstrated  and  described  below. 

DEMONSTRATION:  Foam  Patterns 

Tail  Stabilizer  Wing:  This  is  the  demonstration  of  a  composite  structure  made  by  lay-up 
directly  on  a  foam  pattern.  In  this  case,  the  foam  pattern  becomes  a  permanent  part  of  the 
composite  and,  thus,  can  make  only  one  final  composite  structure.  A  tail  stabilizer  wing  for  a 
military  jet  was  created  using  a  solid  modeling  CAD  software.  The  chord  length  and  chord  height 
of  the  base  cross  section  are  19.5  in.  and  2.5  in.  respectively,  and  those  of  top  cross  section  are 
10  in.  and  1.25  in.  The  wing  tapers  along  the  length  of  58  in.  58  layers  of  1  in  thick  extruded 
polystyrene  foam  were  cut  using  SM2,  and  assembled  on  a  registration  board  as  shown  in  Fig.  3. 
The  accuracy  of  the  foam  pattern  was  improved  by  applying  a  thin  plaster  coat  on  the  foam 
pattern  and  sanding.  This  process  required  13  hours  with  a  material  cost  of  $45.  The  final 
composite  part  was  made  by  applying  three  layers  of  plain  weave  7  oz.  E-glass  fiber  with  a  room 
temperature  cure  epoxy  resin  on  the  foam  pattern.  The  finished  composite  wing  was  allowed  to 
cure  for  5  days.  The  initial  foam  pattern  and  final  composite  wing  are  shown  in  Fig.  4. [5] 
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Figure  3  :  Registration  process  of  layers 


Figure  4  :  Foam  and  composite  pattern  of  tail 
stabilizer  wing.  [5] 


Custom  Fairing  for  a  Racing  Car:  When  desirable, 
the  foam  pattern  can  be  used  to  create  low  production 
tooling  instead  of  making  only  one  part.  For 
producing  multiple  composite  parts,  two  step 
processes  are  involved.  First,  the  foam  pattern  of  a 
Formula  I  race  car  fairing  was  fabricated  using  SM2 
requiring  about  6  hours  and  SIB  for  materials.  The 
foam  model  was  transformed  into  a  more  rugged 
intermediate  positive  pattern  by  applying  a  resin  and 
fiber  glass  weave  on  the  foam  pattern.  Surface 
imperfections  were  minimized  by  a  coating  of  epoxy 
putty  and  sanding.  The  final  composite  car  fairing 
was  produced  by  coating  the  intermediate  pattern 
with  a  room  temperature  cure  epoxy  and  fiber  glass 
weave.  [5]  The  intermediate  pattern  is  reusable  as 
many  times  as  its  surface  lasts.  An  intermediate  and 
finished  composite  car  fairing  are  shown  in  Fig.  5. 


Figure  5:  Intermediate  Mold  Tool  and 

Finished  Composite  Fairing.[5] 


DEMONSTRATION:  Foam  Molds 

Fiber  Reinforced  Concrete  Canoe:  A  foam  prototype  is  used  here  as  a  large  negative  mold 
tooling.  A  disposable  foam  mold  of  a  full  scale  1 9  ft  fiber  reinforced  concrete  canoe  was 
fabricated  requiring  $350  for  materials,  25  hours  labor,  and  consuming  54  sheets  of  4’  by  8’  by  1” 
expanded  polystyrene  foam  to  cut  240  layers  as  shown  in  Fig.  6.  The  mold  was  coated  with  a 
thin  layer  of  plaster,  and  the  composite  canoe  was  laid  up  by  applying  alternating  layers  of  Type 
III  Portland  Cement  and  a  mat  of  fiberglass  Stucco  Mesh  until  reaching  the  designed  wall 


thickness  of  0.375  in.  The  concrete  was  allowed  to  cure  for  about  one  week  before  removing 
from  the  foam  mold.  The  final  concrete  canoe  is  shown  in  Fig.  6.  [5] 
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7  oz.  plain  weave  E-glass  fiber  and  room  temperature  epoxy  resin  was  used  to  form  the 
composite  mold  tooling.  Next,  the  entire  assembly  was  vacuum  bagged  as  shown  in  figure  7  (b). 
The  composite  was  allowed  to  cure  to  a  self-supporting  state  for  three  hours,  and  cure  5  days  ai 
room  temperature.  The  final  composite  structure  is  shown  in  Fig.  8.  [5] 

CONCLUSION 

This  paper  presents  various  new  techniques  for  full 
scale  composite  tooling  of  large  structures  using  foam 
pattems/molds  made  by  Shape  Maker.  Foam 
pattems/molds  can  be  made  rapidly,  economically,  and 
accurately  by  SM2,  producing  final  composite  parts  through 
the  proposed  methods  which  reduce  manufacturing  time  and 
cost.  Though  limitations  on  temperature,  pressure  and 
choice  of  resin  are  found,  the  experiments  show  that  most 
composite  mold  tools  can  be  fabricated  in  a  short  time  at 
lower  cost  than  traditional  processes.  In  all,  the  application 
of  foam  parts  made  by  SM  to  composite  tooling  techniques 
is  successful  in  manufacturing  large  composite  structures. 
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Recent  Developments  in  Profiled-Edge  Lamination  Dies 

for  Sheet  Metal  Forming 

Daniel  F.  Walczyk1,  David  E.  Hardt2 


Introduction: 

The  Profiled-Edge  Lamination  (PEL)  method  was  developed  by  the  Walczyk  and  Hardt  [1] 
as  an  improvement  over  the  current  method  of  stacking  and  bonding  contoured  laminations  in 
terms  of  the  lead-time  and  cost  of  tooling  development  for  sheet  metal  forming  dies.  It  is  also  a 
viable  alternative  to  conventional  CNC-machining  of  such  dies.  In  pursuit  of  successful 
commercial  realization  of  the  PEL  method  in  industry,  this  paper  discusses  several  important  issues 
including: 

•  the  origin  of  this  method  and  advantages  over  other  tooling  techniques 

•  the  general  procedure  for  creating  PEL  machining  instructions 

•  determining  the  geometric  error  introduced  by  the  straight  bevel  approximation 

•  the  propensity  for  PEL  die  delamination  from  high  forming  loads 

•  methods  for  cutting  bevels  into  die  laminations  and 

•  the  machinery  needed  for  PEL  die  fabrication. 

Future  research  and  developmental  work  on  the  PEL  die  method  will  also  be  outlined. 

I.  Background  on  the  PEL  Die  Method: 

Using  a  laminated  construction  for  sheet  metal  forming  dies  is  a  relatively  new  idea. 
Kunieda  and  Nakagawa  successfully  created  a  sheet  metal  forming  die  made  of  horizontally- 
oriented  laminations  by  slicing  up  a  CAD  model  of  the  3-D  forming  surface  and  using  the  resulting 
data  to  CNC  laser-cut  the  required  contours  out  of  sheet  material  [2],  The  contoured  laminations 
were  secured  to  one  another  by  a  combination  of  cementing  with  adhesives,  clamping  with  bolts, 
and  laser-welding  the  edges.  Nakagawa  et  al.  formed  a  solid  tool  out  of  stacked  laminations  by 
diffusion-bonding  the  laser-cut  laminations  together  [3].  Since  the  lamination  edges  were  cut 
normal  to  the  surface  and  not  beveled,  the  forming  surface  of  the  resulting  dies  had  a  stepped 
profile  and  thus  needed  to  be  CNC-machined  with  finishing  cuts,  ground,  and  polished  in  order  to 
achieve  the  necessary  smoothness.  Some  industries  completely  avoid  this  secondary  smoothing 
operation  used  to  remove  the  stepped  profile  by  filling  in  the  steps  with  epoxy  or  some  other  tough 
material  [4], 

Weaver  was  granted  a  patent  for  a  laminated  tooling  with  the  contours  machined  into  each 
lamination  using  beveled  edges  and  not  just  normal  cuts  [5].  This  change  in  the  art  obviates  a 
smoothing  operation  and  only  requires  a  grinding  and  polishing  operation  as  shown  in  Figure  la. 
The  smoothing  operation  also  becomes  unnecessary  as  the  laminations  get  very  thin  and  the 
resulting  steps  between  laminations  are  negligible.  For  instance,  LOM  can  create  a  forming  die  for 
low  force  forming  that  has  nearly  smooth  surfaces  since  laminations  are  as  thin  as  0.05  mm.  The 
biggest  limitation  with  current  LOM  paper/adhesive  models  is  that  they  have  low  compressive 
strength  (26  MPa).  This  is  one-fifth  the  compressive  strength  of  the  cast  epoxy  (140  MPa)  that  is 
used  in  forming  dies.  Other  materials  (e.g.  ceramic  &  metal  tape)  for  LOM  models  are  currently 
being  developed  that  may  take  higher  compressive  loads. 

As  previously  mentioned,  Walczyk  and  Hardt  recently  introduced  the  PEL  method  of 
constructing  sheet  metal  forming  dies  [1],  As  seen  in  Figure  lb,  a  PEL  die  generally  comprises  a 


1  Assistant  Professor,  Department  of  Mechanical  Engineering,  Aeronautical  Engineering  &  Mechanics,  Rensselaer 
Polytechnic  Institute,  Troy,  NY. 

2  Professor,  Department  of  Mechanical  Engineering,  Massachusetts  Institute  of  Technology,  Cambridge,  MA. 
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plurality  of  die  lamination  members,  each  die  lamination  member  being  substantially  planar  and 
each  being  disposed  in  a  vertical  plane  and  stacked  together  side-by-side  in  an  array.  The  top  edge 
of  each  die  lamination  is  simultaneously  profiled  and  beveled  in  such  a  way  as  to  approximate  a 
segment  of  the  intended  die  surface.  Specifically,  this  top  edge  is  continuous  in  the  y-direction  and 
approximated  in  the  x-direction.  The  die  lamination  members  may  be  held  together  in  a  stacked 
array  by  any  suitable  means,  but  preferably  with  a  clamping  frame  as  shown  in  Figure  lb.  A 
common  registration  comer  and  the  bottom  edge  of  each  lamination  allows  for  easy  and  uniform 
registration  in  the  clamping  frame.  One  or  more  holes  uniformly  positioned  in  the  sides  of  each 
lamination  allows  the  whole  array  to  be  clamped  so  that  no  adhesive  or  other  means  of  holding  the 
array  of  die  lamination  members  together  is  required.  If  the  shape  of  the  forming  surface  has  to  be 
change  during  the  die  development,  the  die  laminations  can  easily  be  separated  for  re-machining  to 
update  the  die  shape.  The  PEL  die  can  be  made  into  a  solid  die  apart  from  this  process  by  suitable 
means  (e.g.  diffusion  bonding)  if  needed  or  desired.  Generally  at  least  a  portion  of  the  die 
lamination  members  have  a  continuously  changing  beveled  top  edge.  When  placed  together  in  a 
vertical  stacked  array,  the  top  edges  of  the  die  lamination  members,  in  the  aggregate,  form  the  top 
surface  of  the  die.  The  advantages  that  a  PEL  array  construction  has  over  the  contoured  lamination 
stack  shown  in  Figure  la  is  summarized  in  table  1.  ^ 


Figure  1  -  a)  Stack  of  contoured,  beveled  laminations  (Weaver  Die)  and 
b)  an  array  of  Profiled-Edge  Laminations. 


Table  1  -  Comparison  of  laminated  die  constructions 


Stack  of  Contoured  Laminations 

Array  of  Profiled-Edge  Laminations 

Difficult  to  automate  the  handling  of  laminations  during 
cutting. 

Laminations  can  slide  past  the  profiled-edge  cutting 
means  since  only  top  edge  is  cut. 

Difficult  to  register  laminations  during  die  assembly. 

Laminations  are  easily  registered  with  a  base  plate  and  an 
edge  guide. 

Difficult  to  secure  lamination  stack  into  a  rigid  tool. 

Lamination  only  needs  to  be  clamped  from  the  side. 

Typically,  laminations  need  to  be  permanently  secured. 
Reshaping  of  die  surface  requires  CNC-machining. 

Unclamped  laminations  can  be  individually  recut  to  new 
die  shape. 

II.  Creating  PEL  Machining  Instructions  from  a  CAD  Model: 

The  first  step  in  the  process  of  creating  a  PEL  die  consists  of  creating  a  3-dimensional 
model  of  the  die’s  forming  surface.  The  surface  model  may  be  created  by  a  die  designer  using 
CAD  software;  or  by  a  locus  of  surface  coordinates  defined  by  an  iteration  of  a  closed-loop  control 
algorithm,  an  FEA  model  of  the  die,  or  a  reverse  engineering  scan  from  a  coordinate  measuring 
machine.  The  details  of  extracting  the  PEL  machining  instructions  from  a  surface  model  of  a  die 
are  beyond  the  scope  of  this  paper.  However,  to  illustrate  the  data  manipulation  process  required, 
the  general  procedure  of  using  a  CAD  surface  model  for  this  purpose  will  be  discussed. 

The  intersection  of  a  3-dimensional  CAD  surface  model  and  a  Y-Z  cutting  plane  situated  on 
the  X-axis  at  a  certain  point  is  a  2-dimensional  curve.  Furthermore,  if  the  Y-Z  plane  is 
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repositioned  along  the  X-axis  by  constant  increments  such  as  1  mm,  the  collection  of  curves 
produced  by  each  of  the  same  plane/surface  intersections  will  approximate  the  shape  of  the  original 
3-D  surface.  The  algorithms  developed  by  Phillips  et  al.  and  Bobrow  for  determining  the 
intersection  of  two  arbitrary  surfaces  (analytic  or  parametric)  can  be  used  [6,7].  The  true  3-D 
surface  between  two  adjacent  curves  can  be  approximated  by  connecting  them  with  a  bevel.  This 
connecting  bevel  constitutes  the  profiled-edge  of  each  PEL  die  lamination.  The  reader  will  note 
that  the  approximation  of  the  3-D  surface  gets  better  as  the  curves  get  closer  together,  i.e.  as  the  x- 
increment  decreases.  This  collection  of  curves  serves  as  the  machining  database  for  creating  a  PET. 
die  with  the  desired  forming  surface. 

Any  one  of  several  cutting  methods  (e.g.  laser  cutting,  machining  with  an  endmill,  abrasive 
wateijet  cutting,  plasma-arc  cutting)  can  be  used  to  create  the  bevels  into  the  top  edges  of  the  die 
laminations.  These  methods  will  be  discussed  in  more  detail  in  a  later  section.  With  whatever 
method  is  used,  the  data  needed  for  cutting  the  compound  bevels  is  the  position  point  on  the 
nearside  of  the  lamination  with  coordinates  (x^y^z,)  and  a  unit  directional  vector 

V  =  Vi  •  i  +  V2  •  j  +  V3  •  k  or  just  written  as  (V„V2,V3).  As  shown  in  Figure  2a,  the  vector 


components  of  V  defined  by  Pj  and  P2  (coordinates  x2,y2,z2)  are 


Vi 


_  x2  ~  X1 


V 


1l 

Ivl 


Vo  = 


_  yr-yi 


v 


and  V3  = 


z2  ~  Z1 


(1) 


where: 


V 


tL+(y2-yi)2+(z2~zi)" 


Point  P,  is  easy  to  determine  because  x,  and  y,  will  be  prescribed  and  z,  is  explicitly  defined  by  the 
nearside  intersection  curve  (see  Figure  2a).  Point  P2  is  harder  to  define  since  there  is  no  particular 
one  associated  with  the  defined  point  Pr  To  determine  P„  an  iterative  procedure  which  minimizes 
the  geometric  error  introduced  by  the  straight  bevel  approximation  is  required.  When  P2  is 
determined  then  the  bevel  cutting  head  will  only  require  translation  along  the  Y  and  Z-axes,  i.e)  x 
is  kept  constant,  and  rotation  about  the  two  orthogonal  axes.  P 

There  are  many  forming  dies  used  in  industry  for  such  processes  as  stretch  forming  and 
rubber  forming  that  only  have  mild  curvatures  and  low  draws.  For  these  types  of  die  shapes, 
reasonable  die  shape  fidelity,  i.e.  small  deviations  of  the  machined  shape  from  the  desired  CAD 
shape,  can  be  achieved  even  if  the  bevel  cutting  head  is  only  allowed  to  rotate  about  the  Y-axis. 
This  will  allow  for  simple  planar  beveling  but  not  compound  3-D  beveling  like  that  shown  in 


Figure  2.  The  position  point  P,  and  orientation  vector  V  of  the  bevel  cutting  head  are  defined  by 
(x,,y,,Zj)  are  coordinates  (0,V2,V3),  respectively. 


farside 

curve 


Figure  2  -  Die  lamination  profiled  edge  made  by  3-D  beveling. 
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III.  Geometric  Error  Introduced  by  Straight  Bevel  Approximation: 

By  observing  the  X-Z  plane  cross  section  of  a  die  lamination  in  Figure  3,  it  is  evident  that 
the  straight  bevel  of  the  profiled  edge  will  deviate  from  the  desired  die  surface.  During  the 
grinding  and  polishing  operations  on  the  die  surface,  this  deviation  or  shape  error  is  increased  for 
convex  cross-sectional  profiles,  as  shown  in  figure  3a,  because  of  material  removal.  For  the  same 
reason,  i.e.  material  removal,  the  shape  error  is  decreased  for  concave  cross-sectional  profiles  as 
shown  in  Figure  3b.  Therefore,  the  extent  of  material  removal  during  the  smoothing  operation 
directly  affects  the  shape  integrity  of  the  forming  die.  The  standard  method  for  determining  the  die 
shape  error  is  to  directly  measure  the  surface  with  a  coordinate  measuring  machine  and  then 
compare  that  data  with  the  reference  CAD  shape. 


die  laminations  die  laminations 

Figure  3  -  Shape  error  due  to  smoothing  of  a)  convex  and  b)  concave  die  geometries 


Instead  of  direct  measurement,  the  maximum  error  introduced  by  the  straight  bevel  cutting 
of  the  die  lamination  profiles  can  be  estimated  by  considering  the  cross-sectional  geometry  from  the 
CAD  database  as  shown  in  Figure  4.  The  actual  cross-sectional  curve  of  the  die  surface  model  can 
be  determined  using  currently-available  CAD  software  for  comparison  with  the  straight  bevel.  The 
task  of  extracting  this  curve  is  very  cumbersome.  A  simpler  way  to  determine  the  maximum  shape 
error  is  to  estimate  the  die’s  cross-sectional  curve  between  points  (x,,yj)  and  (x,,y2)  with  a 
parabola.  A  parabola  is  used  because  it  easily  curve-fits  2  coordinate  points  with  known  slopes. 
This  parabola  is  defined  by  bevel  end  coordinates  (x,,z,)  and  (x2,z2),  and  the  corresponding 


instantaneous  x-z  slopes 


cfc,  <3z2 
<3x,  <?x2 


The  coordinates  and  slopes  are  easily  obtainable  with  many 


CAD  programs  (e.g.  ProEngineer™).  The  general  equation  of  a  parabola  in  the  X-Z  plane  is 
(x  -  h)2  =  4  •  p  •  (z  -  k)  (2)  if  it  opens  upwards,  i.e.  — k  <  — — ,  and 


(x  -  h)2  =  -4  -  p  •  (z  -  k) 


ch., 

(2)  if  it  opens  upwards,  i.e.  — —  <  ,  and 

(TXj  <7X2 
.  dz ,  dz7 

(3)  if  it  opens  downwards,  i.e.  — >  — — 

<5x,  ox. 


where:  p  =  parabola’s  focal  length  and 

(h,k)  =  the  vertex  coordinates. 

Fitting  a  parabola  to  the  die  lamination  cross-section  shown  in  Figure  4  yields  the  following 
substitutions  into  equ.  2; 

,  „  dz,  ,  (x,-h)2  x, -x,  ... 

h  =  x,  — 2-p-—  ;  k  =  z, - - - ;  p  =  — 7^ - rr  (4) 


,  _  ,  (Xj  —  h) 

h  =  Xj -2-p-— L;  k  =  z, - - - ;  p  = 


cfc2  <5z, 
dx.7  <2x, 


and  the  following  substitutions  into  equ.  3; 


218 


,  „  <2z, 

h  =  x,+2-p  —J-;  k 
<9x. 


z,+ 


(X,  -  h)2 

4  •  P 


X,  -x, 


dz,  dz-, 
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(5) 


dx 


2  J 


The  slope  m  of  the  line  which  passes  through  points  (x,,y,)  and  (x2,y2)  is  found  by  the  relation 


m  = 


Z2  ~  Z1 
X2-Xi 


(6) 


dz 


The  point  (x,,y  )  on  the  parabola  with  the  same  slope  is  found  by  setting  the  first  derivative  —  of 

dx 

equ.  2  and  equ.  3  equal  to  m.  If  the  parabola  opens  upward,  then 

xp  =  h-2-p-m  and  zp  =  k-p-nr.  (7) 

If  the  parabola  opens  downward,  then 

xp  =  h  +  2-p-m  and  zp  =  k  +  p-m2.  (8) 

To  find  the  distance  e  between  the  line  passing  through  (x,,y,)  and  (x2,y2)  and  the  parallel  line 
passing  through  (xp,yp),  a  line  is  constructed  through  (xp,yp)  which  is  perpendicular  to  the  other 

two  lines,  i.e.  slope  =  — .  This  perpendicular  line  intersects  the  (x,,y,)  and  (x2,y2)  line  at  point 

m 

(xg,yg).  The  values  of  this  new  intersection  point  are  found  from  the  equations 

x„ 


xg  = 


m-x,  +  — -Zj  +z 
m  p 


m  +  - 


and  z  =  z,  +  m  •  (x„ 

6  1  S 


■x,). 


(9) 


m 

The  maximum  distance  e  between  the  parabola  and  the  straight  line  representing  the  bevel 
represents  is  the  largest  error.  It  is  calculated  with  the  equation 

e= V(xp_xg)2+(zp‘zg)2  (10) 

If  desired,  the  error  estimated  with  equ.  10  can  be  expressed  as  a  function  of  lamination 
thickness  tL  so  that  an  optimization  procedure  for  choosing  the  thicknesses,  interface  placement, 
and  orientation  of  the  laminations  can  be  implemented.  The  goal  of  this  procedure  would  be  to 
minimize  the  overall  bevel  approximation  error. 


Figure  4  -  Shape  error  estimation  of  a  beveled  die  lamination 


IV.  Bevel  Cutting  Methods  For  Die  Laminations 

Once  the  intersection  curves  that  define  the  top  profiled-edge  bevels  of  each  lamination  are 
extracted  from  the  CAD  model,  the  corresponding  die  laminations  can  then  be  fabricated.  This 
machining  database  can  then  be  used  to  either  cut  new  die  lamination  blanks  or  to  recut  existing  die 
laminations  into  a  new  shape.  Machining  bevels  into  the  die  lamination  edge  can  be  accomplished 
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by  several  methods.  As  seen  in  Figure  5a,  the  flute-edge  of  a  standard  endmill  mounted  in  the 
spindle  of  a  4  or  5-axis  (X,  Y,  and  Z-translation,  Y  and  Z-rotation)  CNC  milling  center  can  be 
used  to  cut  bevels  into  a  suitably-fixtured  die  lamination.  This  machining  method  relies  on  the 
application  of  high  machining  forces  to  make  a  wide  cut  in  the  workpiece.  To  minimize  the  amount 
of  material  removed  while  cutting  the  bevel,  a  very  narrow  kerf  can  be  cut  into  the  die  lamination 
using  unconventional  machining  methods  like  traveling-wire  EDM,  abrasive  water-jet  cutting, 
plasma-arc  cutting,  or  laser  cutting  (both  C02  and  Nd:YAG)  as  seen  in  Figure  5b.  Each  of  these 
methods  require  CNC-controlled  axes  that  move  in  X,  Y,  Z  translation,  and  Y,  Z  rotation. 


Figure  5  -  Cutting  bevels  into  die  laminations  by  a)  flute-edge  endmilling  and 
b)  by  unconventional  machining  methods. 

The  important  characteristics  of  any  bevel  cutting  method  are  maximum  achievable  bevel 
angle,  maximum  cutting  feedrate  (speed),  cut  surface  quality,  cutting  accuracy,  amount  of  material 
removed,  tool  wear,  extent  of  metal  burring,  and  machine  cost  and  the  effect  of  material  hardness 
on  cutting  speed.  Quantifying  the  performance  specifications  of  each  of  the  aforementioned  bevel¬ 
cutting  methods  is  necessary  so  that  the  most  suitable  one(s)  for  machining  PEL  die  laminations  are 
identified. 

Suitable  methods  for  cutting  bevels  include  machining  with  the  flute-edge  of  an  endmill, 
abrasive  water  jet  cutting,  plasma-arc  cutting,  and  laser  cutting.  Although  wire-cut  EDM  produces 
kerfs  of  excellent  quality  and  accuracy,  an  extremely  slow  cutting  feedrate  makes  it  impractical  for 
bevel  cutting.  The  other  cutting  methods  were  investigated  in  detail  through  a  series  of  bevel 
cutting  experiments  to  determine  how  rapidly  and  accurately  each  one  will  machine  steel  PEL 
laminations.  The  lamination  material  used  for  all  cutting  experiment  was  1.47  mm  thick  SAE  1010 
cold  drawn  steel  sheet.  Steel  was  used  for  the  cutting  experiments  since  it  is  arguably  the  most 
common  material  for  sheet  metal  forming  dies  [8],  The  basis  of  evaluation  for  each  beveling 
method  will  be  the  quality  characteristics  of  the  bevel  cut  that  it  makes.  The  quality  characteristics 


CC  =  bevel  angle  (0\30°,60°) 
Vc  =  max.  cutting  speed 
Ra  =  surface  finish 

(Effects  the  time 
required  to  finish  a  die) 

w  =  kerf  width 

(Can  affect  the  smallest 
achievable  geometrical  detail) 

Hd  —  burr  height 

(Burr  must  be  removed 
prior  to  die  assembly) 

0  =  taper  angle 

(Must  be  compensated  for 
with  cutting  head  orientation) 


Figure  6  -  Quality  characteristics  of  a  bevel  cut. 
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The  following  equipment  was  used  for  the  bevel  cutting  experiments: 

•  a  Cincinnati-Milacron  3-axis  machining  center  with  a  6.4  mm  diameter  4-fluted  carbide 
endmill. 

•  An  OMAX  JetMachining  System  with  a  0.76  mm  cutting  nozzle  diameter  and  80  grit 
garnet  abrasive,  i.e.  0.267  mm  average  particle  size. 

•  a  Hypertherm  HD- 1070  HyDefinition  Plasma- Arc  unit  with  O,  plasma  &  shield  gas,  130 
volt  DC  output  voltage  and  30  amp  output  current. 

•  a  Laserdyne  5-axis,  model  780,  CNC  laser  cutting  system  with  a  Lumonics  JK704 
Nd:  YAG  laser  (maximum  400  watts  of  average  output  power). 

Further  details  on  all  of  these  cutting  experiments  can  be  found  in  reference  [9]. 

Summary  of  Bevel  Cutting  Methods: 

For  the  purpose  of  comparing  the  candidate  bevel  cutting  methods,  the  beveling 
performance  measures  (cutting  force,  maximum  fm,  maximum  a,  taper  angle,  kerf  width, 
machining  burr  height,  and  kerf  surface  finish)  of  each  method,  with  process  parameters  set  to 
their  optimal  levels,  are  listed  in  table  2.  Plasma-arc  cutting  is  noticeably  absent  from  this  table 
since  it  became  apparent  that  this  method  was  not  suitable  for  bevel  cuts.  Bevels  at  angles  up  to 

45°  yielded  very  large  tapers  (>10°)  in  the  kerf,  excessive  dross  (HD=0.9  mm)  which  was  welded 
to  the  metal,  and  a  large  Heat  Affected  Zone  (HAZ).  The  large  HAZ  caused  the  cut  edge  of  the 

lamination  to  warp  slightly.  The  maximum  bevel  angle  achieved  was  60°  but  the  kerf  edge  closest 
to  the  cutting  nozzle  was  consistently  obliterated  from  an  over-zealous  oxidation  (self-burning)  of 
the  metal  during  cutting.  Consequently,  the  following  comparisons  are  only  made  between  flute- 
edge  endmilling,  AWJ  cutting  and  laser  cutting: 

•  Flute-edge  endmilling  involves  the  application  of  a  high  cutting  force  with  a  cutting  tool 
to  remove  the  unwanted  lamination  material.  The  higher  cutting  forces  significantly  deflect 
the  cantilevered  portion  of  a  lamination  being  beveled.  AWJ  cutting  and  laser  cutting,  i.e. 
non-contact  cutting  methods,  cause  negligible  deflection  to  the  lamination. 

•  All  three  cutting  methods  are  capable  of  high  cutting  speeds  but  the  maximum  speed  is 
highly  dependent  upon  the  material  composition  and  hardness  with  flute-edge  endmilling 
and  AWJ  cutting.  The  maximum  laser  cutting  fm  is  only  dependent  on  laser  power,  i.e. 
proportional  to  qlaser,  which  means  that  higher  cutting  rates  than  that  listed  in  table  2  are 
achievable. 

•  The  maximum  bevel  angle  for  all  three  methods  is  around  ±80°. 

•  The  kerf  from  AWJ  cutting  has  a  very  large,  consistent  taper  of  around  10°  for  all  bevel 
angles  that  must  be  compensated  for  during  bevel  cutting.  Laser  cutting  creates  only  a 
slight  kerf  taper.  Flute-edge  endmilling  leaves  no  appreciable  kerf  taper  unless  there  is 
significant  deflection  of  the  lamination  and  cutting  tool  during  beveling. 

•  The  width  of  the  kerf  affects  the  smallest  radius  of  curvature  achievable  for  a  PEL’S 
profiled  edge.  Of  the  three  beveling  methods,  laser  cutting  creates  the  narrowest  kerf.  The 
kerf  from  AWJ  cutting  is  also  narrow  but  not  as  much  as  that  cut  with  a  laser.  The  kerf 
width  from  endmilling  is  much  larger,  i.e.  the  diameter  of  the  cutting  tool. 
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•  Flute-edge  endmilling  leaves  a  very  large  machining  burr,  especially  at  larger  bevel 
angles.  AWJ  cutting  and  laser  cutting,  on  the  other  hand,  yield  much  smaller  machining 
burrs.  Laser  cutting  with  a  pure  oxygen  assist  gas  yields  a  porous,  brittle  edge  burr  (i.e. 
iron  oxide)  which  is  easily  removed  from  the  cut  lamination  without  having  to  grind  it  off. 

•  Flute-edge  endmilling  yields  the  smoothest  surface  finish  of  all  the  methods  although  the 
finish  deteriorates  at  higher  bevel  angles  from  more  machining  chatter.  AWJ  cutting  offers 
the  most  consistent  surface  finish  for  all  bevel  angles. 


Table  2  -  Comparison  Table  of  Bevel  Cutting  Methods 
using  Optimal  Parameter  Settings 


Cutting  Method 

Flute-Edge 

Endmilling 

Abrasive  Water 
Jet  Cutting 

Nd:YAG  Laser 
Cutting  with  Hard 
Optic  Beam 
Delivery 

Cutting  Force 

Significant  (lamination 
bends  1-2  mm  at  high 
bevel  angles) 

Small  (momentum 
transfer  from  abrasive) 

Negligible 

Maximum  fm  for  0° 
bevel  cut  (meters/min) 

0.46 

(affected  by  material 
hardness  and 
composition) 

0.31  (affected  by 
material  composition) 

0.44  for 
qlasc  =0.3  kW 
(max.  fm°cq,ascr) 

Maximum  a 

■ 

at  least  75° 

o 

O 

oo 

Kerf  Taper  Angle  0 

None 

+10° 

-1°  to  -2° 

HHEXB9HH 

0.7 

0.1 

Hd  (mm) 

2.8 

0.1 

0.04 

(porous  edge  burr) 

1  Ra  (4™)  i 

0.7 

3.4 

4.4 

Based  on  the  preceding  analysis  and  discussion,  the  authors  rank  the  suitability,  i.e.  best  to 
worst,  of  these  three  bevel  cutting  methods  for  cutting  steel  laminations  as  follows: 

1)  Nd:YAG  laser  cutting  because  feedrate  is  only  dependent  on  laser  power,  tool  wear  is 
non-existent,  cutting  force  is  negligible  and  the  kerf  is  the  narrowest  of  all, 

2)  Abrasive  water  jet  cutting  since  feedrate  is  dependent  on  material  hardness  and  the  kerf 
taper  is  the  largest  among  the  three  methods,  and 

3)  Flute-edge  endmilling  since  the  cutting  force,  kerf  width,  edge  burr,  and  feedrate’s 
dependency  on  material  hardness  is  the  greatest  overall. 

V.  Machinery  for  Fabricating  PEL  Dies: 

As  with  CNC-machining  of  a  sheet  metal  forming  die,  the  two  most  important 
specifications  of  equipment  used  to  fabricate  PEL  dies  are  to  1)  get  as  close  to  near  net  shape  as 
possible  thereby  minimizing  the  need  for  a  post-grinding  or  finishing  operation  and  2)  accomplish 
this  task  as  fast  as  possible.  The  key  to  meeting  these  specifications  are  the  correct  choice  of  a 
bevel  cutting  method,  as  discussed  is  the  previous  section,  and  the  efficient  handling  of  die 
laminations  during  the  cutting.  There  are  two  options  for  efficiently  cutting  PEL  die  laminations: 
retrofitting  a  commercially-available  cutting  machine  or  developing  a  dedicated,  stand-alone 
machine. 

For  compound  beveling  of  PEL  die  laminations,  a  5-axis  machining  center  (e.g.  3 
translational  &  2  rotational  axes)  is  required  to  correctly  position  the  cutting  nozzle  during  the 
profiling  process.  Currently,  there  are  numerous  5-axis  conventional  machining  centers,  and  a  few 
laser  and  AWJ  machining  centers  that  can  be  used  to  machine  compound  bevels.  Using  any  of 
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these  5-axis  machining  centers,  a  die  lamination  blank  must  first  be  vertically  secured  to  the 
machine’s  workbed  and  then  the  profiled-edge  is  machined.  The  die  lamination  can  be  handled 
manually  or  the  machining  center  can  be  retrofitted  with  an  automatic  handling  mechanism. 

Five-axis  laser  machining  centers  are  much  more  expensive  than  comparable  AWJ  or  CNC 

machines.  For  example,  a  Laserdyne  Model  780  BeamDirector™  5-Axis  laser  machining  center 
with  a  Lumonics  JK704  laser  currently  sells  for  around  $625K.  Other  laser  machining  centers 
vary  in  price  from  $500K  to  $700K.  In  contrast,  a  Cincinnati-Milacron  Sabre- 1000  CNC  3-axis 
vertical  machining  center  retrofitted  with  a  Tsudakoma  TTNC-201  tilting  rotary  table  that  has  a 
similar  work  volume  as  the  Laserdyne  system  sells  for  around  $120K.  For  $180K,  a  company  an 

purchase  a  Jet  Edge®  model  55-30  AWJ  cutting  system  that’s  mounted  to  a  5-axis,  robot-controlled 
gantry  table  and  has  a  similar  work  volume  as  the  laser  system.  With  any  of  these  systems,  the 
estimated  cost  of  a  custom-built  lamination  handling  mechanism  has  not  been  added  to  their  overall 
cost. 


Dedicated  PEL  Die  Fabrication  Machine: 

Both  conventional  CNC  and  laser  machining  centers  are  designed  for  general  industrial  use 
and  not  optimized  for  cutting  die  laminations  in  terms  of  speed,  cost,  and  factory  floor  space 
required.  Taking  into  account  the  high  cost  of  commercially  available  equipment  and  the  added 
cost  of  a  custom-built  lamination  handling  mechanism,  a  dedicated  stand-alone  machine  for 
fabricating  PEL  dies  is  proposed  by  the  authors  as  a  cost-effective  alternative  to  retrofitting 
currently-available  4  and  5-axis  cutting  machines.  This  specialized  apparatus  will  be  called  a  Die 
Lamination  Profiling  (DLP)  machine.  For  industry  to  embrace  the  PEL  die  method,  these 
machines  will  be  required  to  fabricate  dies  in  a  rapid  and  efficient  manner.  Several  machine  DLP 
machine  concepts  have  already  been  developed. 


VI.  Propensity  for  PEL  Die  Delamination: 

If  the  PEL  die  laminations  are  bonded  together  then  the  composite  structure  becomes  a 
continuous  die.  To  keep  the  PEL  die  easily  re-machinable,  the  die  laminations  are  simply  clamped 
together  with  a  rigid  frame  as  shown  in  Figure  lb.  In  a  clamped  configuration,  individual 
laminations  have  a  propensity  to  delaminate,  i.e.  separate  from  adjacent  laminations,  by  elastically 
deforming  or  buckling  under  the  high  forming  loads  encountered.  As  seen  in  Figure  7a,  the  die 
shape  changes  when  a  lamination(s)  bends  elastically  resulting  in  dimensional  changes  to  the  parts 
formed.  For  this  reason,  it  is  important  to  investigate  the  elastic  bending  and  buckling  behavior  of 
a  clamped  lamination  subjected  to  typical  forming  loads. 

Excessive  deformation  of  any  of  the  clamped  die  laminations  beyond  a  certain  maximum 

value,  i.e.  §>5^,  will  be  considered  a  die  failure.  Ideally  a  PEL  die  should  emulate  a  continuous 
die  whose  surface  deformation  is  essentially  negligible  (e.g.  0.01  mm  for  a  steel  die).  However,  a 
more  practical  design  requirement  for  PEL  dies  is  to  make  sure  that  the  dimensions  of  the  formed 

part  are  within  the  specified  tolerances.  The  maximum  deformation  value  (8max)  of  a  die  lamination 
is  explicitly  determined  from  this  requirement. 

Referring  to  Figures  7a  and  7b,  a  group  of  deflected  laminations  (due  to  high  forming 
loads)  can  be  roughly  modeled  as  cantilevered  Euler  beams  in  a  parallel  configuration.  This 
assumes  that  the  frictional  shear  forces  at  the  interfaces  between  adjacent  laminations  are  negligible. 

The  deflection  8  of  a  single  rectangular  lamination  (see  Figure  8a)  can  be  estimated  using  the 
relation 


where: 


8  = 


a  =  lamination  height 
b  =  lamination  width 
t  =  lamination  thickness 


^  '  -^bending  f  a  ^ 

a;  * 


Eb 


(11) 
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E  =  tensile  elastic  modulus  of  the  lamination  material 


•  bendim 


=  horizontal  component  of  the  lamination’s  total  forming  load. 


By  rearranging  equation  1 1,  the  spring  rate  kL  of  the  lamination  is  then 

.  bbending  b  ■  E  ( t  ^ 
kL 


(12) 


a  ) 


load  F, 


The  mode  of  mechanical  failure  of  a  lamination  from  the  vertical  component  of  the  forming 
buckling  W1U  be  some  form  of  buckling  behavior.  As  stated  by  Timeshenko  et  al.,  “  in  the 
calculatioiTof  critical  values  of  forces  applied  to  the  middle  plane  of  a  plate  at  which  the  flat  form  of 
equilibrium  becomes  unstable  and  the  plate  begins  to  buckle,  the  same  methods  as  in  the  case  of 
compressed  bars  can  be  used”  [10].  Therefore,  the  critical  buckling  load  Fbcritical  for  the  lamination 
shown  in  Figure  8a  can  be  estimated  using  the  Euler  column  buckling  formula 

_  k-E-b-t3 

M3, critical  +  ~  2 

12  *  a 

where:  k  =  factor  that  depends  on  the  end  support  conditions  of  lamination. 

If  the  lamination  can  be  modeled  as  a  simple  cantilever  beam  then  k  is  2.47.  If  the  movement  of 
it’s  upper  edge  is  restricted  horizontally  then  k  is  20.2. 

The  forming  forces  on  a  lamination  consist  of  an  effective  normal  load  Fn  and  a 

perpendicular  frictional  load  p-Fn  at  the  lamination  (die)  and  sheet  metal  interface  where  |i  is  the 


frictional  coefficient. 


These  loads  are  shown  in  Figure  7. 
i 

\2 


The  total 


forming 


load  Ft  has  a 


magnitude  of  Fn  •  (l  +  p2)2 .  As  shown  in  Figure  8b  (vector  diagram),  FT  typically  points  inward 

to  the  die.  This  is  a  desirable  situation  since  convex  portions  of  the  laminated  die  will  tend  to  be 
pushed  together  during  forming.  In  terms  of  FT,  the  bending  and  buckling  loads  are 

Fp  •  sin^a  -  tan-1  p.)  and  Fp  -cos(a-tan-1|Li),  respectively. 


As  an  example,  let  us  investigate  the  bending  and  buckling  propensity  of  one  particular 
lamination  in  the  male  PEL  die  described  in  reference  [1].  The  lamination  chosen  is  located  2.8 
centimeters  in  from  the  edge  along  the  X-axis.  It’s  profiled  edge  forms  half  of  the  upper  bend 
radius  for  one  of  the  benchmark  part  side  walls.  A  maximum  forming  load  of  50  kN  is  predicted 
by  the  FEA  simulation  of  the  forming  process.  Since  the  upper  bend  radii  on  the  male  die  takes 
most  of  the  total  forming  load,  the  estimated  maximum  normal  force  that  this  particular  lamination 
experiences  is  approximately  6.0  kN.  Additional  data  on  the  lamination  is  a=1.9  cm,  b=6.4  cm, 

tL=  1 .47  mm,  E=200  GPa,  p=0.2  (for  greased  steel  on  steel)  and  a=bevel  angle=30°.  As  a  result 
the  bending  and  buckling  components  of  the  total  forming  load  are  2.0  and  5.8  kN,  respectively. 

Furthermore,  the  prescribed  dimensional  tolerance  of  the  benchmark  part  is  ±0. 1  mm.  Since  this 
lamination  is  backed  by  35  adjacent  laminations  of  similar  size  in  the  direction  of  the  bending  load, 
the  estimated  bending  deflection  is  only  0.04  mm  according  to  equation  11.  This  deflection  is  well 
below  the  die’s  dimensional  tolerance.  This  simple  deflection  analysis  doesn’t  even  take  into 
account  the  symmetrical  loading  on  the  male  die  which  will  tend  to  counteract  the  high  forming 
load  applied  to  this  sample  lamination.  Finally,  if  we  assume  a  worst  case  buckling  scenario  where 
the  lamination  is  unsupported  on  it’s  top  edge,  the  critical  buckling  load  is  23  kN  according  to 
equation  13.  This  value  is  well  above  the  maximum  above  the  maximum  assumed  buckling  load  of 
5.8  kN  so  that  buckling  will  not  be  a  problem. 
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Figure  7  -  a)  Group  of  die  laminations  subjected  to  forming  loads  and 
b)  modeled  as  cantilevered  Euler  beams  in  a  parallel  configuration 


Figure  8  -  a)  a  single  rectangular  die  lamination  subjected  to  bending  &  buckling  loads  and 

b)  vector  diagram  of  the  said  loads. 


Conclusions  and  Planned  Future  Work 

In  terms  of  handling  laminations  during  processing,  registering  and  clamping  the 
laminations  into  a  rigid  die,  and  reshaping  the  die  during  the  tooling  development  process,  the  PEL 
method  for  fabricating  sheet  metal  forming  dies  improves  upon  the  current  method  of  stacking  and 
bonding  contoured  laminations.  In  this  paper,  the  general  procedure  for  extracting  the  machining 
instructions  for  each  die  lamination  is  outlined  for  die  shapes  that  require  either  3-D  or  simple 
planar  beveling.  A  method  for  easily  estimating  the  geometrical  error  caused  by  the  straight  bevel 
approximation  of  each  machined  lamination  is  also  introduced.  Three  cutting  methods  -  machining 
with  the  flute-edge  of  an  endmill,  abrasive  water  jet  cutting,  and  especially  Nd:YAG  laser  cutting  - 
are  shown  to  be  viable  techniques  for  machining  bevels  into  die  laminations.  Finally,  in  a 
completely  assembled  PEL  die,  the  propensity  for  die  delamination  is  shown  to  be  more  sensitive 
to  bending  failure  than  buckling  failure. 

Future  developmental  work  to  help  establish  PEL  dies  as  a  viable  alternative  to 
conventional  CNC-machining  of  sheet  metal  forming  tools  includes: 

•  developing  a  algorithm  that  will  determine  the  best  orientation  of  the  PEL  laminations, 
with  respect  to  the  die  shape,  to  minimize  the  overall  error  from  the  straight  bevel 
approximation. 


•  bevel  cutting  experiments  with  other  die  materials  like  tool  steel,  Invar,  aluminum, 
epoxies,  and  certain  other  plastics  suitable  for  sheet  metal  forming 

•  developing  a  Die  Lamination  Profiling  machine. 

•  an  investigation  of  all  available  methods  for  permanently  bonding  PEL  laminations 
together  into  a  solid  tool  (e.g.  diffusion-bonding). 
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Direct  Feedback  Control  of  Gas-Phase  Laser-Induced  Deposition 
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Abstract:  Three-dimensional  laser  Chemical  vapor  deposition  (3D-LCVD)  or  SALD,  was  used  to 
prototype  metallic  and  ceramic  microstructures.  Iron,  nickel,  and  steel  metal  forms  were  grown 
from  organic  and  halogen  based  precursors.  Through  the  simultaneous  use  of  multiple  precur¬ 
sors,  specific  nickel-iron  based  alloys  were  produced.  By  observing  the  emission  spectra  during 
growth,  a  measure  of  the  volumetric  growth  rate,  was  obtained.  Direct,  PID  control  of  the  process 
was  then  possible  using  the  growth  rate  measurement  as  real-time  feedback.  Calibrated  infrared 
photographs  of  evolving  microstructures  were  taken  at  various  wavelengths,  giving  a  measure  of 
the  temperature  gradient  over  the  growth  zone.  While  radiation  contributes  to  heat  losses  at  high 
temperatures,  enhanced  convection  is  the  dominant  heat  transfer  mechanism  due  to  the  small 
dimensions  of  the  heated  area.  Enhanced  growth  rates,  induced  by  convective  flow,  were  also 
observed.  The  heat  and  mass  transfer  coefficients  were  determined  for  various  processing  condi¬ 
tions,  and  compare  well  with  experimental  data.  Axi-symmetric  rods  may  also  be  grown  in  both 
the  kinetic  and  transport-limited  regimes,  and  a  systematic  study  of  the  precursor  pressure  and 
deposit  temperature  during  growth  yielded  distinct  growth  regimes,  influe:  ced  by  the  interplay  of 
heat  losses  and  diffusive  transport. 

Keywords:  Solid  Area  Laser  Deposition,  Chemical  Vapor  Deposition,  Graphite,  Iron,  Nickel, 
Nickel-Iron  Alloys,  PID  Process  Control. 
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1  INTRODUCTION 

Laser- induced  chemical  vapor  deposition  (LCVD)  has 
been  explored  extensively  as  a  thin-film  metallization 
tool.  In  contrast,  three-dimensional  laser  chemical  vapor 
deposition,  3D-LCVD  (or  SALD),  is  a  mode  of  pyro¬ 
lytic  deposition  where  more  elevated  structures  can  be 
generated,  as  exemplified  in  figures  1,  2,  and  3.  Our 
interest  in  3D-LCVD  is  in  its  use  as  a  free-form  rapid- 
prototyping  tool  for  micro  to  milli-scale  mechanical 
objects. 

Past  attempts  at  control  of  the  3D  LCVD  process 
have  been  for  the  most  part  open-loop,  growth  rates  and 
required  process  conditions  being  estimated  from  empir¬ 
ical  data.  The  purpose  of  this  work  was  to  determine  a 
method  for  measuring  and  controlling  the  volumetric 
deposition  rate  during  3D-LCVD. 


FIGURE  1.  Sample  Nickel  Structure. 
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In  this  work,  the 
volumetric  growth 
rate  was  measured 
directly  from  the 
emission  spectra  asso¬ 
ciated  with  the  pyro¬ 
lytic  reaction.  This 
rate  measurement 
was  used  to  control 
the  input  power  and 
instantaneous  growth 
rates.  Applications 
include  control  of 
laser  direct  writing 
over  varying  sub¬ 
strate  topography, 
control  of  undesirable 
features  in  layered 
growth,  and  imple- 


F1GURE  2.  Sample  Nickel-Iron  alloyed 
structure. 


FIGURE  3.  Sample  3-D  graphitic 
structures. 


mentation  of  continuous  3-dimensional  deposition. 


Besides  demonstrating  the  potential  of  3D- 
LCVD  for  the  prototyping  of  alloys,  the  purpose  of 
the  experiments  was  also  to  determine  variations  in 
final  deposit  compositions-so  that  the  temperature 
changes  during  rod  growth  can  be  determined-as 
well  as  the  difference  in  activation  energies  (Ea)  of 
the  iron  and  nickel  carbonyl  precursors.  This  result, 
however,  will  not  be  discussed  within  the  scope  of 
this  paper.  For  more  information  on  this  subject, 
the  reader  is  referred  to  [Maxwell  et  al.,  1996]. 

2  EXPERIMENTAL 

The  3D-LCVD  reactor  at  Rensselaer  consists  of  a 
custom  quartz  tube  with  a  port  for  viewing  and 
laser  input.  The  chamber  is  connected  to  a  pumping 
station  via  a  gate  valve.  The  vacuum  chamber  and 
gas-delivery  system  are  enclosed  within  a  venti¬ 
lated  hood  for  safety  purposes. 
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Iron  pentacarbonyl  was  delivered  to  the  reac¬ 
tion  chamber  via  an  evaporator.  In  this  experiment, 
the  room-temperature  vapor  pressure  of  Fe(CO)5 
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*  Corrected  for  optical  losses. 


was  used  to  fill  the  chamber.  In  most  cases,  the  par-  FIGURE  4.  Nickel  average  axial  growth  rates 
.  ,  ,  ,  ~A  ,  and  diameter  vs.  input  power, 

tial  pressure  of  the  precursor  reached  20  mbar. 
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Both  ethylene  and  nickel  tetracarbonyl  were  metered  into  the  reactor  from  commercial  cylin¬ 
ders.  For  the  growth  of  pyrolytic  graphite,  ethylene  pressures  of  up  to  930  mbar  were  employed. 
Ni(CO)4  partial  pressures  of  up  to  250  mbar  were  possible.  Iron  pentacarbonyl  was  delivered  to 
the  reaction  chamber  via  an  evaporator.  In  these  experiments,  the  room-temperature  vapor  pres¬ 
sure  ofFe(CO)5  was  used  to  fill  the  chamber,  i.e.  20  mbar. 
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The  beam  source  was  a  4000 
Spectra  Physics  argon-ion 
laser,  with  a  maximum  output 
of  8  watts  (multi-mode)  at  the 
488/514  nm  primary  lines.  At 
these  wavelengths,  iron  and 
nickel  have  normal  spectral 
reflectances  of  65%  and  52% 
respectively  [Touloukian, 

1970].  Gaussian  spot  radii  of 
25  Jim  (1/e2)  or  greater  were 
used  throughout  the  experi¬ 
ments,  and  it  was  found  that 
while  the  commencement  of 
growth  on  the  substrate  FIGURES, 
depended  greatly  on  the 

power  density — requiring  small  spot  sizes  for  the  laser  powers  available —  the  3-D,  steady- state 
growth  of  rods  was  nearly  unaffected  by  the  beam  waist  over  a  distance  several  times  the  Rayleigh 
range  (250  |im).  The  optical  system  consisted  of  a  Newport  lOx  beam  expander  and  200  mm  focal 
length  CVI  achromat.  A  long  pass  filter  was  used  to  block  the  UV  laser  lines  below  420  nm. 
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Nickel  rod  length  and  mid-length  diameter  vs.  time 


A  silicon  photodetector,  covered  with  narrowband  filters,  was  mounted  to  one  of  the  chamber 
windows,  at  a  distance  roughly  200  mm  from  the  sample.  Using  a  two-decade  pre-amplifier,  the 
sensor  could  measure  emissions  as  small  as  0.25  mW  at  the  substrate  (at  656  nm).  In  this  arrange¬ 
ment,  the  sensor  had  a  time  response  on  the  order  of  milliseconds;  however,  the  amplifier  was 
heavily  filtered  with  a  time-constant  of  approximately  1/30  s.  The  amplified  signal  was  recorded 
by  an  Omega  Nubus  data  acquisition  system,  with  a  typical  sample  period  of  0.05-0.10  seconds, 
and  was  later  time  averaged  as  needed  for  real-time  control.  Proportional-Integral-Derivative 
(PID)  Control  of  the  laser  power  was  implemented  using  Omega  Workbench™  software  with  out¬ 
put  to  the  LCD  retarder  mentioned  previously. 


For  analysis  of  the  sample  composition,  both  Auger  electron  spectroscopy  (PHI  545C  Scan¬ 
ning  Auger  Microprobe)  and  an  electron  microprobe  (Geol  Superprobe  733)  were  employed. 
Prior  to  the  microprobe  analysis,  the  samples  were  sectioned,  polished,  and  lightly  etched  in  a 
Railing’s  solution,  a  mixture  of  isopropyl  alcohol,  HCL,  and  CuCl2. 
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3  RESULTS  AND  DISCUSSION 

3.1  Nl  GROWTH 

Ni(CO)4  vapor  pressures  ranged  from  25  to  200  mbar  throughout  the  experiment,  and  rods  could 
be  initiated  at  pressures  of  less  than  25  mbar.  At  similar  partial  pressures,  the  axial  growth  rate 
was  higher  than  that  of  the  ethylene-grown  structures,  exceeding  18  mm/s  at  the  highest  powers. 
Surprisingly,  preliminary  results  for  the  axial  growth  rate  show  that  the  highest  normal  growth 
rates  values  were  obtained  at  the  lowest  pressures,  as  indicated  in  Figure  4  (top.) 


As  for  steady  state  diameter,  exper¬ 
imental  results  recorded  in  Figure  4 
(bottom)  indicate  that  increasing  pres¬ 
sure  broadens  the  rod,  just  as  for  ethyl¬ 
ene  at  partial  pressures  below  200 
mbar.  Interestingly,  for  all  Ni(CO)4 
pressures,  the  diameters  approach  a 
non- zero  asymptotic  diameter,  approx¬ 
imately  60  mm  wide.  One  possible 
implication  is  that,  for  these  pressures, 
it  may  not  be  possible  to  grow  narrow 
Ni  structures  thinner  than  100  mm, 
thereby  limiting  the  resolution  of  the 
process.  Further  experiments  at  very 
low  laser  powers  (<100  mW)  and  small 
beam  waist  diameter  are  needed  to 
confirm  this  phenomenon. 

Figure  5  displays  measurements  of 
length  over  time  for  a  typical  rod,  as 
well  as  the  diameter  of  the  rod  during 
the  same  time  period  (820  s).  One  can 
see  that  the  axial  rate  rises  rapidly  to 

the  steady-state  growth  rate  (indicated  F|GyRE  6  Ni-Fe  rods  cross-sections  showing  the  sample’s 

by  the  slope  of  the  solid  line),  and  then  microstructure.  All  rods  were  grown  at  20 mbar  partial  pressure  ot 

tu_  ratP  Qinw<;  tn  o  nPW  terminal  Fe(CO)5  and  at  laser  power  of  190mWatts.The  respective  precursor 

the  axial  rate  slows  to  a  new  terminal  ^  de^sjt  concentrations  are  reported  below. 

rate,  Rt.  At  the  same  time,  the  rod  i _ _ ^ - 

diameter  at  mid-length  grows  steadily,  a>  _ Gas  Mixture _ Deposit  Composition 

beginning  at  250  mm,  ultimately  reach-  f  I  Fe(CO)s  Ni(CO)4  Fe  Cone.  Ni  Cone. 

ing  over  1000  mm  in  diameter.  Perhaps  «  Cone.  (%)  Cone.  (%)  (%)  (%) _ 

the  most  significant  result  from  this  fig-  ~a  50.0  500  52.0  '  48X) 

ure  is  that,  while  the  steady-state  axial  B  ^2j0  ^  584)  29.0  j  71.0 

rate  greatly  exceeds  the  radial  rate  ^  ^  'j&o  |  sio 

(hence  the  rod),  the  terminal  rate,  Rt, 

and  the  radial  rate  are  nearly  the  same. 

Consequently,  for  metals  under  a  de-focused  beam,  the  entire  rod  grows  at  a  uniform  rate,  and  the 
temperature  gradient  along  the  rod  is  small. 


Deposit  Composition 

Fe  Cone.  Ni  Cone. 

<%)  (%) 
52.0  ’  484) 

~294)  j  7L0 
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Fig.  2  Ni-Fe  atomic  ratio 
vs.  Fe(CO)5  and  Ni(CO)4 
gas  concentrations. 
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FIGURE  7. 


Rod  composition  vs.  gas  mixture  composition  for  Auger  and  Microprobe  measurements. 


3.2  NI-FE  GROWTH 

Sample  structures  were  grown  from  various  precursor  mixtures  of  Nickel  a  nd  Iron  carbonyls.  The 
sample  composition  was  shown  to  vary  with  the  precursor  partial  pressures  and  demonstrated  the 
capability  for  alloying  as  well  as  fabricating  functionally  graded  materials. 

Alloy  Composition:  Figure  6  shows  the  cross-section  and  microstructure  of  several  rods  grown  at 
the  same  incident  power,  but  differing  precursor  concentrations.  The  Fe(CO)5  precursor  partial 
pressure  in  Figure  6.B  is  the  lowest  of  the  three  cases  (42%);  the  Fe(CO)5  pressure  increases  in 
the  case  of  Figure  6.B  to  50%,  and  reaches  its  maximum  value  at  55.6%  in  Figure  6.C. 

Throughout  each  sample,  the  ratio  of  Ni-Fe  (in  at.%)  remained  nearly  constant  due  to  the  large 
capacity  of  the  reactor  chamber.  The  samples  exhibited  regions  that  were  heavily  oxidized 
regions,  and,  in  the  case  of  Figure  6.B,  inclusion  of  graphitic  flakes.  Yet  the  relative  composition 
of  the  deposit  remains  constant  to  within  ±2  percent.  Figure  7  summarizes  the  final  composition 
of  the  Ni-Fe  rods  versus  the  gas  mixture  in  which  they  were  grown.  The  partial  pressures  of 
Ni(CO)4  and  Fe(CO)5  were  varied  as  a  percentage  of  the  total  chamber  pressure,  giving  rods  of 
similar  atomic  Ni-Fe  ratios.  In  all  cases,  the  chamber  was  filled  with  Fe(CO)5  to  20  mbar,  and 
Ni(CO)4  was  added  to  give  a  specific  relative  gas  concentration.  It  is  apparent  that  any  Ni-Fe  alloy 
may  be  produced  in  this  manner,  including  high-temperature  super-alloys  with  Ni  concentrations 
greater  than  25%. 

3.3  VOLUMETRIC  GROWTH  RATE  MEASUREMENT 

Growth  Rate  Measure:  Using  a  stationary  beam  with  focus  at  the  substrate,  straight-sided  nee¬ 
dles  of  graphite,  nickel,  iron,  and  nickel-iron  alloys  up  to  7  mm  in  length  could  be  deposited  with¬ 
out  moving  the  laser  focus.  Note  that  this  is  many  times  the  diffraction-limited  Rayleigh  Range  of 
the  beam  focus  (260  |im). 
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FIGURE  9.  Correlation  of  emission  signature  to  volumetric  growth  rate  for  graphite  rod  growth. 


The  normal  deposition  rate,  Rn,  of  rods  deposited  in  this  manner  is  defined  as  the  local  rate  at 
any  surface  point  where  growth  occurs.  The  axial  deposition  rate,  Ro,  is  the  normal  growth  rate  at 
the  center  of  the  rod,  along  the  beam  axis.  The  final  radius  of  a  rod,  Rs,  can  be  estimated  at  any 
axial  point  by  integrating  the  component  of  the  normal  deposition  rate  perpendicular  to  the  beam 
axis  over  time.  The  volumetric  deposition  rate,  Rv,  of  a  cylindrical  rod  depends  on  both  the  axial 
rate  and  diameter  deposited  over  time.The  normal  rate,  Rn,  varies  exponentially  with  laser  power 
in  the  kinetic  regime,  while  at  high  incident  powers,  it  may  become  transport  limited. 

Growth  Regimes.  Figure  8  shows  the  emission  signature  vs.  time  for  a  typical  graphite  rod. 
Figure  9  correlates  the  emission  signature  to  the  volumetric  growth  rate.  After  a  brief  delay, 
representative  of  thin  film  nucleation  and  coalescence  at  the  substrate,  rapid  axial  growth 
commences,  eventually  rising  to  a  peak  rate.  This  interval  is  denoted  the  transient  regime, 


A 
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labeled  (1)  in  Figure  9.  Once  the  peak  rate  is  attained,  the  rod  grows  at  a  constant  axial  rate, 
and  it  is  over  this  steady-state  regime  — labeled  (2)  in  Figure  9 —  that  the  bulk  of  the  rod  is 
grown.  Eventually,  (at  approximately  300  seconds,  labeled  (3)  in  Figure  9)  the  axial  rate 
slows,  dropping  linearly  as  the  beam  broadens  and  the  surface  temperature  decreases;  this  is 
known  as  the  tail  regime. 

Volumetric  Rate  Measure.  Emission  spectra  produced  during  the  pyrolytic  decomposition  of 
ethylene  were  monitored  using  the  photodetector  and  filters  described  previously.  The  hydrogen- 
Alpha  line  at  656  nm  was  found  to  be  several  orders  of  magnitude  brighter  than  the  background 
thermal  emissions.  This  spectral  line  represents  the  n=3  — >  n=2  transition  in  the  Balmer  Series  of 
atomic  hydrogen,  as  occurs  following  disassociation  of  hydrogen  from  C2H4  as  well  as  from  the 
thermal  ionization  of  H2.  Since  ethylene  dissociates  at  a  lower  temperature  than  the  ionization 
potential  of  hydrogen,  the  measured  emission  spectra  were  primarily  due  to  the  liberation  of 
atomic  hydrogen  during  pyrolysis  of  C2H4. 

Since  the  signal  strength  is  proportional  to  the  total  number  of  disassociated  hydrogen  ions 
returning  to  the  ground  state,  it  was  hypothesized  that  the  emission  signature  is  representative  of 
the  volumetric  deposition  rate.  This  was  confirmed  by  Figure  9,  where  the  steady-state  signal 
amplitude  is  plotted  vs.  measured  volumetric  rate  along  lines  of  constant  pressure.  Each  curve  is 
normalized  to  the  amplitude  of  the  emission  at  incident  powers  of  2000  mW.  Observe  that  in  each 
case,  the  signal  strength  is  linearly  proportional  to  the  volumetric  rate.  When  sufficiently  well  cal¬ 
ibrated  for  the  precursor  partial  pressure  and  viewing  position,  the  signal  amplitude  can  be  used  as 
an  absolute  measure  of  volumetric  rate. 

3.4  AXI-SYMMETRIC  CONTROL  OF  3D-LCVD 

The  one-to-one  correspondence  of  volumetric  rate  and  radius  (at  any  given  pressure)  makes  it  pos¬ 
sible  to  create  a  very  stable  controller  for  3D-LCVD.  If  the  spectral  emission  signature  is  fed  back 
to  the  laser  power  controller,  and  compensation  is  made  in  the  laser  power  to  obtain  a  desired  vol¬ 
umetric  growth  rate,  one  obtains  direct  control  over  the  axi-symmetric  3D-LCVD  process.  Pro¬ 
portional-derivative-integral  (PID)  control  was  used  to  set  the  laser  power  in  real-time  with 
feedback  from  the  emission  signature. 

To  demonstrate,  a  series  of  samples  were  grown  in  this  manner,  such  as  the  structures  shown 
in  Figure  10.  All  samples  were  grown  at  200  mbar,  so  that  the  axial  rate  would  be  transport  limited 
and  to  allow  sufficient  time  for  the  controller  to  respond  to  the  growth.  (At  930  mbar,  rods  grow  so 
rapidly  that  the  steady-state  regime  passes  in  just  a  few  seconds.)  The  laser  power  was  set  at  max¬ 
imum  power  to  initiate  growth  on  the  graphite  substrate  through  the  transient  regime.  The  feed¬ 
back  controller  was  then  engaged  after  the  rods  had  reached  their  steady-state  radius  (labelled  1  in 
Figure  10.A.  The  sample  in  Figure  10.A  was  grown  using  a  linearly  decreasing  setpoint  over  the 
length  labelled  (2),  while  the  sample  in  (B)  was  grown  with  an  exponentially  decaying  total  laser 
power  in  place  of  the  PID  control. 

The  most  promising  feature  of  this  control  technique  is  that  the  output  shape  is  similar  to  the 
input  waveform;  the  linear  setpoint  decay  in  (A)  resulted  in  a  straight  cone,  while  the  sinusoidal 
growth  input  in  (C)  resulted  in  periodic  bulbs.  The  opposite  is  true  for  open- loop  laser  power  con¬ 
trol,  where  an  exponential  decay  in  the  power  is  required  to  produce  a  linearly  tapered  rod. 
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FIGURE  10.  Sample  graphite  rod  structures  grown  using  the  emission  signature  as  a  feedback  to  the  PID 
controller. 


3.5  GRAPHITE  TEMPERATURE  MEASUREMENTS 

Temperature  Gradient  Measurements:  In  this  section,  the  temperature  gradient  over  severnl 
graphite  rods  will  be  measured  from  the  blackbody  radiation  emitted  during  their  growth.  Kodak 
High  Speed  infrared  emulsion  no.  2681  was  employed  throughout  the  experiments.  A  standard 
250  mm  telephoto  lens  was  used  in  combination  with  a  250  mm  achromat,  achieving  a  1.2x  mag¬ 
nification  of  the  object  on  the  film.  Exposures  were  made  at  various  wavelengths  using  narrow- 
band  filters. 

Temperature  Measurements:  Figure  1 1  displays  several  successive  photographs  of  the  same  rod 
taken  at  various  wavelengths;  the  frames  were  taken  during  the  steady-state  growth  regime  in 
rapid  succession.  The  rods  were  viewed  at  a  45±1*  angle  from  the  laser  axis.  The  resolution  of  the 
photographs  is  approximately  7  pm,  and  the  direction  of  the  incident  beam  is  shown  by  the 
dashed,  blue  arrows.  The  brightest  regions  are  the  surface  of  the  rod;  these  are  color-coded  red, 
orange,  and  yellow,  in  descending  intensity  according  to  the  color  bar.  The  gas  surrounding  the 
rods  also  emits  weakly,  and  this  appears  primarily  as  green,  blue,  and  purple  surrounding  the 
brighter  regions. 
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FIGURE  11. 


Temperature  measurement  at  various  wavelengths  during  rod  growth. 


Finally  for  the  rod  grown  at  2930  mW,  the  power  is  sufficient  at  the  tip  to  reach  graphite’s  sub¬ 
limation  temperature  of  3925  K;  in  fact,  SEM  photos  of  this  rod  exhibit  siight  dimpling,  such  as 
found  more  prominently  on  rods  grown  at  higher  laser  powers-and  previously  attributed  to  mass 
transport  limitation.  A  slight  warpage  near  the  rod  tip  is  also  visible,  possibly  due  to  softening  of 
the  graphite  at  excessive  temperature.  It  remains  to  be  seen  if  the  dimple  effect  is  entirely  caused 
by  diffusion  limitation,  sublimation,  or  a  combination  of  both  phenomena. 

4  CONCLUSIONS 

Controlled  3-dimensional  laser-induced  vapor  deposition  of  Ni-Fe  alloys  is  feasible  from  nickel 
and  iron  carbonyls,  producing  alloys  with  less  than  ±2  at.%  compositional  variance.  Sustainable 
steady-state  growth  rates  of  up  to  30jim/s  are  possible.  Further  studies  will  determine  the  detailed 
microstructure  and  hardness  of  the  Ni-Fe  deposits,  as  well  as  the  activation  energy  of  Fe(CO)5- 


In  addition  to  controlling  the  laser  power,  the  emission  signature  could  also  be  used  for  focal 
positioning,  comparing  the  actual  emission  amplitudes  with  the  expected  steady-state  rates,  com¬ 
pensating  to  maintain  the  steady-state  focal  position. 

Direct  feedback  control  of  the  growth  rate  will  also  be  essential  for  layered  growth,  as  previ¬ 
ous  attempts  to  build-up  shapes  by  repetitive  scanning  have  proven  to  be  unstable.  As  one  layer  is 
grown  over  another  using  open-loop  control,  perturbations  in  the  thickness  of  the  underlying 
deposit  induce  exponential  perturbations  in  the  next  layer  (kinetic  regime),  yielding  irregular 
deposits.  With  growth  rate  control,  compensation  can  be  made  for  such  perturbations,  and  rate- 
controlled  3D-LCVD  can  be  used  for  both  layered  and  continuous  growth. 

Similarly,  the  growth  control  method  could  be  used  to  obtain  consistent  direct  writing  results 
over  varying  topographies  and  substrate  materials. 
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ABSTRACT 


An  ongoing  collaborative  program  sponsored  by  the  DoD  Advanced  Research  Projects 
Agency  (DARPA)  and  the  Office  of  Naval  Research  (ONR)  continues  to  show  promising  results  in 
the  development  of  a  new  laser  based  manufacturing  process.  The  program’s  goals  are  to  develop 
and  demonstrate  a  laser  based,  rapid  manufacturing  system  (LaserCast™)  for  titanium  and  its 
alloys.  Economical  precursor  powders  are  being  laser  formed  into  integral,  100%  dense,  near¬ 
shape  articles  by  sequentially  fusing  multiple  metal-powder  layers  in  a  controlled  environment. 

A  C02  continuous  wave  (CW)  high  energy  laser  has  been  used  to  form  commercially  pure  (CP) 
titanium,  Ti-6A1-4V,  and  Ti-5Al-2.5Sn  in  varied  geometries  from  1-inch  square  bars  to  a  4-inch 
diameter  (1  -inch  wall )  cylinder.  Materials  characterization  tests,  revealing  excellent  chemistry 
control  and  mechanical  properties,  are  presented.  Large  near-shape  structures  may  be  formed 
directly  from  metal  powders,  without  using  molds  or  dies,  by  direct  download  and  post¬ 
processing  from  a  Computer  Aided  Design  (CAD)  database.  Economic  projections  indicate 
significant  reductions  in  manufacturing  costs  and  “time  to  market”  production  cycles  when  the 
LaserCast  process  is  used  instead  of  conventional  casting  and  forging  processes. 

INTRODUCTION 


Previous  work  in  the  laser  based  rapid  prototyping  of  titanium  metals  and  alloys  has  been 
reported[l,2,3,4].  The  conventional  routes  to  titanium  which  include  the  double,  and  triple, 
vacuum  consumable  arc  remelt  of  consolidated  Kroll  sponge  to  drive  off  magnesium,  chlorine, 
hydrogen  and  other  more  volatile  processing  constituents,  and  the  subsequent  forging,  casting,  or 
deep  machining  processes  necessary  to  obtain  titanium  (alloy)  structurals  for  aerospace  and  marine 
applications,  may  be  by-passed  by  the  laser  based  rapid  prototyping  process  being  developed  in  this 
program.  As  an  example,  present  practice  to  deliver  a  330-pound  forged  titanium  bulkhead  for  a 
hypersonic  aircraft  requires  starting  with  a  6,000-pound  ingot  and  working  the  metal  through  a 
series  of  forging  blocker  dies,  heat  treatments,  and  a  final  machining[5].  This  poor  fly-to-buy  ratio 
is  also  impacted  by  sometimes  lengthy  delays  in  forging  or  casting  schedules.  An  economic 
analysis  shows  that  substituting  the  present  manufacturing  process  with  the  LaserCast™  flexible 
manufacturing  process  could  decrease  the  cost  of  the  bulkhead  by  60%  and  decrease  manufacturing 
time  by  50%  or  more.  A  second  example  is  the  manufacture  of  pump  components  for  cryogenic 
fluids.  These  components  have  been  made  from  Ti-5Al-2.5Sn  extra-low  interstitial  (ELI)  alloy. 
This  alloy  is  no  longer  commercially  available  at  reasonable  prices  or  schedules;  the  demand  for 
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this  specialized  alloy  has  diminished  to  only  a  few  low  volume  customers.  As  a  result,  these 
customers  may  have  difficulty  meeting  delivery  schedules.  A  new  process  to  rapid  prototype  in 
titanium  and  its  alloys  is  also  of  interest  because  it  would  facilitate  the  interests  of  the  DoD  in  agile 
manufacturing,  the  virtual  factory,  and  the  ability  to  fabricate  metallic  parts  and  structures  directly 
from  electronic  drawings  without  molds  or  dies [6].  Thus,  electronic  drawings  may  be  forwarded  to 
a  laser  based  rapid  prototyping  site,  and  the  drawings  may  be  processed  by  slicing  codes,  and  post- 
processed  into  computer  numerical  control  (CNC)  instructions  to  direct  the  laser  in  constructing  the 
required  part  by  controlled  layer-by-layer  fusion  of  the  metal  powder  into  the  desired  geometry. 

The  term  LaserCast™  will  be  used  below  to  describe  the  product  of  this  laser  forming  process. 

DEVELOPMENT  EFFORTS 

Program  efforts,  thus  far,  have  been  primarily  directed  at  development  of  process 
parameters  specific  to  laser  fusion  of  titanium  powders,  qualification  of  inexpensive  precursor 
titanium  and  alloying  powders,  and  qualification  of  the  resulting  LaserCast  material. 

Qualification  of  the  powders  and  LaserCast  material  has  been  governed  by  industry  standard  test 
and  analysis  specifications.  The  specification  and  design  of  a  production  system  is  pacing  the 
continuing  development  efforts.  A  functional  requirements  specification  (FRS)  coupled  with  a 
preliminary  conceptual  design  has  been  completed.  Additionally,  detailed  design  efforts 
targeting  specific  equipment  and  control  objectives  are  in  progress. 

Laser  and  Environmental  Control  Apparatus  -  Development  System 

A  Convergent  Energy  (formerly  United  Technologies  Industrial  Lasers)  14  kW  C02  CW 
(Model  SMI 4  Mod  1)  laser  operating  at  10.6-|jm  is  used  for  all  experiments.  The  laser  beam 
mode  is  best  characterized  as  a  mechanically  generated  multi-mode  01  *  configuration.  The 
beam  is  delivered  to  the  work  piece  via  a  series  of  mirrors.  The  laser  beam  is  focused  by  a 
parabolic  mirror  with  an  f-number  of  16.  The  laser  beam  can  be  oscillated  in  one  direction  (i.e., 
linear  dither)  using  a  Spawr  Industries  Type  252  scanner.  Alternatively,  an  omni-directional 
laser  dithering  mechanism  has  been  fabricated  and  integrated  into  the  development  LaserCast 
system.  Beam  motion  is  accomplished  through  a  3-axis  gantry  controlled  by  an  Aerotech  Unidex 
CNC  controller.  Other  laser  functions  controlled  by  the  CNC  are  laser  shutter  and  relays  for 
support  equipment  and  gas. 

The  metal  target  and  powder  are  contained  in  a  specially  designed  atmosphere  control 
apparatus  that  consists  of  two  boxes  fabricated  from  stainless  steel.  Each  box  has  a  porous  floor 
covering  a  plenum.  The  plenums  are  pressurized  using  high  purity  argon  gas  creating  a  uniform 
up-sweep  of  argon.  The  outer  box  provides  atmosphere  control  and  supports  a  lid.  The  plenum 
in  the  inner  (target)  box  supports  the  metal  target  and  powder.  Zero  grade  argon  (guaranteed 
minimum  purity  99.998%)  is  used  for  all  laser  operations.  Oxygen  levels  are  continuously 
monitored  in  the  target  chamber  (at  the  powder  fusion  point)  and  in  the  powder  feeder  using  a 
Delta  F  Model  FA35550A  oxygen  probe. 

A  vision  system  consisting  of  a  closed  circuit  television  camera  (CCTV)  with  strobe 
illumination  is  installed  on  the  lid.  Signal  output  is  displayed  real  time  on  a  TV  screen  and 
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captured  on  SVHS  tape  for  subsequent  evaluation.  This  visual  feedback  is  used  by  the 
developers  to  access  in  situ  process  integrity  and  make  adjustments  to  process  parameters  for 
subsequent  laser  runs.  This  information  will  also  provide  valuable  information  for  the 
development  of  real-time  process  control  sensors  for  next  generation  LaserCast  systems.  A 
schematic  of  the  current  research  system  is  shown  in  Figure  1. 


High  Power  CO  2  Laser 

+ 


Powder  Feeder 


Target  Chamber 


Atmosphere  Control 
Chamber 


Titanium  Powder  Fluidized  Bed  in 
the  Atmosphere  Control  Chamber 


Figure  1.  Schematic  of  LaserCast  Development  System[l] 


Control  of  the  processing  parameters  and  conditions  are  established  to  minimize  the 
possibility  of  unacceptable  levels  of  contamination.  All  processing  parameters  are  controlled, 
monitored,  and  documented.  The  major  processing  steps  for  producing  a  titanium  near-shape  are 
given  in  Table  1. 


The  authors  have  adopted  the  term  ‘ingot’  to  describe  the  resulting  product.  To  date,  two 
ingot  shapes  have  been  produced  under  this  program  as  shown  in  Figure  2.  These  are: 

.  Linear  ingots  approximately  6-inches  long  by  1-inch  wide  by  2-inches  high. 

.  Cylindrical  ingots  approximately  4-inches  O.D.  by  2-inches  I.D.  by  2-inches  high. 

Target  Material 

Two  basic  types  of  targets  have  been  used.  The  first  is  a  simple  plate  target  which  was 
found  to  bow  extensively  during  processing.  A  box  beam  starter  target  was  subsequently  used. 
The  box  beam  target  provides  additional  rigidity  which  significantly  reduces  target  bowing.  All 
starter  targets  are  CP  certified  to  ASTM  B-265-93  Grade  2. 
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Table  1.  Major  Processing  Steps  to  LaserCast  a  Shape:  Development  System 


Step 

Number 

Description 

1 

Load  target  into  target  chamber  and  purge  with  argon  to  50-ppm 
oxygen  or  less  and  maintain 

2 

Load  powder  de-gas  chamber,  heat  and  purge  with  argon  to  50-ppm 
oxygen  or  less  and  maintain 

3 

Align  laser  to  target 

4 

Monitor  oxygen  level,  initiate  laser  run 

5 

Charge  target  chamber  with  powder  from  de-gas  chamber 

6 

Fluidize  powder  using  target  chamber  gas  (deposits  powder  on  target) 

7 

Level  powder  on  target 

8 

Run  laser  over  the  target  in  a  pre-defmed  path 

9 

Repeat  steps  6-9  until  the  desired  shape  is  completed 

10 

Cool  under  argon  and  remove  from  box 

Mechanical  Testing  and  Chemical  Analyses 

Mechanical  testing  and  chemical  analyses  have  been  performed  on  LaserCast  CP  titanium 
and  Ti-6A1-4V  alloy  materials.  All  mechanical  testing  is  performed  in  accordance  with 
applicable  ASTM  specifications  [7],  Chemical  analyses  of  precursor  powders  and  LaserCast 
products  was  performed  by  more  than  one  laboratory,  using  industry  standardized  LECO  and 
inductively  coupled  plasma/mass  spectrometry  (ICP/MS)  techniques,  to  obtain  multiple 
independent  analyses.  The  results  of  the  testing  and  analyses  were  compared  to  the  applicable 
sections  of  AS1M  B  367-93[8].  Test  results  on  the  LaserCast  Ti-5Al-2.5Sn  ingots  will  soon  be 
available. 

RESULTS 


Results  of  dimensional  stability,  chemical  analyses,  and  mechanical  testing  are  presented 
in  this  section.  The  results  of  each  test  are  shown  in  comparison  to  a  commercial  specification 
where  applicable. 

Dimensional  Stability 

Distortion  of  a  flat,  unsupported  starter  target  during  laser  processing  can  be  significant. 
Initial  ingots  were  formed  on  simple  0.25-inch  thick  plates.  These  plates  bowed  extensively  due 
to  the  thermal  cycling  and  the  resulting  residual  stresses  caused  by  laser  processing.  As  the  ingot 
is  built  the  amount  of  restraint  created  by  adding  material  increases  and  distortion  effectively 
stops  after  approximately  0.50-inch  of  build-up. 

Hollow  box  beam  starter  targets  have  been  implemented  to  alleviate  the  extensive 
bowing.  These  targets  are  welded  from  0.25-inch  thick  plate  and  have  exterior  cross  section 
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dimensions  of  1 .25-inch  x  1 .25-inch.  The  additional  rigidity  of  the  box  beam  targets 
significantly  reduces  bowing. 


Figure  2.  Typical  LaserCast  Ingot  Research  Shapes 


Chemical  Analyses  of  Ingots 

Table  2  shows  the  results  of  chemical  analyses  performed  on  ingots  of  CP  titanium  and 
Ti-6A1-4V.  Results  are  in  the  post  mill-annealed  condition  as  previously  described.  The  results 
are  compared  to  ASTM  B367  grade  C2  and  grade  C5  respectively. 


Table  2.  Chemical  Analysis  of  LaserCast  Ingots:  CP  titanium(C2)  and  Ti-6A1-4V  (C5) 


Elements 

ASTMB367 
C2  (wt.%) 

LaserCast  Ingot 
C2  (wt.%) 

ASTM  B367 
C5  (wt.%) 

LaserCast  Ingot 
C5  (wt.%) 

Oxygen 

0.40  max 

0.25 

0.25  max 

0.25 

Nitrogen 

0.05  max 

6.13 

0.05  max 

0.04 

Aluminum 

N/A 

- 

5.5-6.75 

5.79-5.95 

Vanadium 

N/A 

- 

3. 5-4.5 

3.75-3.85 

Oxygen  pick-up  in  the  ingot  material  is  a  primary  indicator  of  process  integrity.  Oxygen 
pick-up  during  ingot  formation  is  held  to  less  than  200-ppm  [4].  Similarly,  nitrogen  pick-up  was 
also  held  to  less  than  1 00-ppm.  This  is  a  result  of  maintaining  a  good  working  argon 
environment,  free  of  atmospheric  gases. 

Mechanical  Testing 

Mechanical  qualification  of  LaserCast  ingots  has  consisted  of  multiple  room  temperature 
tensile  tests  and  hardness  testing  of  the  respective  tensile  specimens.  Results  are  in  the  post  mill- 
annealed  condition  as  previously  described.  Table  3  lists  the  results. 
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Table  3.  Mechanical  Property  Results  of  LaserCast  Ingots 


Test 

ASTM 
B367,  C2 

LaserCast  Ingot 
C2  (wt.%) 

ASTM 
B367,  C5 

LaserCast 
Ingot  C5  (wt.%) 

Hardness  (max) 

96  HRB 
(17  HRC) 

30  HRC 

39  HRC 

37 

UTS  -  ksi  (min) 

50 

116 

130 

143 

YS  -  ksi  (min) 

40 

130 

126 

%  Elongation 

1-inch  gage  length  (min) 

15 

«15 

6 

6.2 

No.  of  Tensile  Specimens 

N/A 

2 

6 

Hardness  values  are  listed  as  maximums.  UTS,  YS,  and  %  Elongation  values  are  listed  as  minimums. 


The  C5,  Ti-6A1-4V,  ingot’s  yield  strengths  exceeded  ASTM  requirements  while 
maintaining  acceptable  levels  of  hardness  and  ductility.  It  is  noted  that,  while  the  oxygen  levels 
are  near  the  upper  limits  of  the  specification,  the  nitrogen  levels  are  well  below  specified 
maximums.  These  mechanical  properties  are  supported  by  post  test  examination  of  the  fractured 
surfaces  which  display  a  uniformly  dimpled  ductile  failure  [4]. 

The  excessively  high  hardness  and  strength  of  the  C2,  CP  titanium,  ingots  and  the 
corresponding  low  ductility  are  a  result  of  the  high  concentrations  of  oxygen  and  nitrogen  in  the 
titanium  precursor  powder  [9].  This  hardening  effect  is  also  present  in  C5,  Ti-6A1-4V,  ingots 
produced  using  this  titanium  precursor  powder  [4],  The  material  properties  listed  in  Table  3  for 
C5,  Ti-6A1-4V,  material  were  obtained  by  using  precursor  powders  with  acceptable  levels  of 
interstitial  oxygen  and  nitrogen.  The  LaserCast  process  yields  grain  structure  that  is  significantly 
more  refined  than  conventionally  cast  thick  sections. 

PRODUCTION  SYSTEM  DEVELOPMENT 

Figure  3  contains  an  overall  functional  block  diagram  of  the  LaserCast  system  design 
which  shows  its  major  components;  the  LaserCast  Workcell  and  Controller.  Supporting 
components  include  a  14  kW  Laser  Generator  and  a  workstation  (used  for  CAD  to  CNC  database 
translation). 

The  LaserCast  workcell,  shown  in  Figure  4,  contains  a  number  of  integrated  mechanical 
subsystems  consisting  of  a  process  chamber,  chamber  lid  and  laser  positioner,  laser  beam 
delivery  and  oscillation,  powder  delivery,  gas  delivery,  and  water  cooling.  Some  notable 
characteristics  of  the  workcell  are: 

.  The  size  of  the  chamber  can  vary  depending  on  customer  requirements.  Present 
scale-up  designs  are  for  a  maximum  10-foot  x  16-foot  (plan-area)  LaserCast  structure. 

.  The  modular  design  facilitates  streamlined  subsystem  improvements  (e.g.,  change  in 
chamber  size,  laser  technology). 

.  The  design  provides  flexibility  to  use  higher  power  lasers  for  increased  build  rates. 
Smaller  fiberoptic  lasers  can  also  be  incorporated  without  major  re-design. 
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.  The  environment  is  maintained  via  a  simple  sliding  lid  seal  and  a  turbulator  orifice  for 
the  laser  beam.  The  turbulator  is  designed  to  break  up  the  backflow  of  atmospheric 
gases  into  the  chamber  as  hot  chamber  gases  are  exhausted. 

.  Present  scale-up  designs  are  for  build  rates  in  excess  of  12-in3/hour  for  titanium. 
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Figure  3.  Functional  Block  Diagram  of  a  Production  LaserCast  System 

The  LaserCast  controller  has  a  user  interface  that  allows  the  operator  to  plan  and 
program  the  specific  processing  parameters  and  paths  for  the  LaserCast  workcell.  In  addition, 
workcell  sensor  feedback  will  assist  the  operator  in  calibration  and  maintenance  planning  and 
execution.  The  LaserCast  controller  is  being  designed  to  accept  input  from  Rapid  Prototyping 
(RP)  industry  standardized  file  formats  such  as  STL.  This  allows  the  LaserCast  system  to  be 
used  with  the  numerous  3D  CAD  and  other  third  party  CAD  translation  programs  that  can  output 
solid  model  geometry  in  STL  format. 

The  decision  to  use  the  STL  file  format  enables  the  use  of  commercial  STL  post¬ 
processing  software  such  as  slicing  software  and  automatic  support  structure  generation.  This  has 
benefits  in  operator  familiarity  and  in  economics-of-scale  issues  such  as  bug  fixes  and 
acquisition  costs. 

The  controller  will  use  sophisticated  process  sensing  and  feedback  strategies  to  maintain 
process  quality.  Process  variables  include  gas  rates  and  composition,  powder  feed  rates,  laser 
power,  laser/target  relative  motion,  dithering  rates  and  fill  patterns,  and  melt-puddle  shape  and 
size.  Monitoring  these  variables  and  adjusting  the  process  to  maintain  desired  characteristics  is  a 
complex  but  necessary  task.  For  example,  the  build-up  rate  of  the  ingot  is  dependent  on 
precursor  powder  geometry  and  feed  rates  (which  affects  pre-fusing  density).  Therefore,  the 
CAD  description  of  the  part  will  need  to  be  sliced  in  real  time  based  on  the  current  ingot  height 
in  the  LaserCast  cell. 
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Figure  4.  Conceptual  Drawing  of  Production  LaserCast  Workcell 


CONCLUSIONS 


Results  of  experiments  to  date  are  very  encouraging.  Production  of  structurally  useful, 
100%  dense,  titanium  alloy  material  has  been  demonstrated  using  this  unique  LaserCast  process. 
The  CP  titanium  and  Ti-6A1-4V  material  produced  under  this  program  exceeds  commercial 
ASTM  B367  casting  specification  in  ultimate  strength,  yield  strength,  elongation,  and  chemical 
constituency  requirements.  Oxygen  pick-up  in  the  ingot  material  is  consistently  held  below  200- 
ppm,  and  nitrogen  pick-up  is  below  100-ppm.  It  is  anticipated  that  when  ELI  titanium  powder  is 
used  (0.040  wt  %  02,  0.006  wt  %  N2),  the  LaserCast  process  will  be  able  to  produce  alloys  such  as 
Ti-5Al-2.5Sn  ELI  for  cryogenic  applications.  This  process  is  capable  of  rapid  prototyping  large 
titanium  structures  with  a  variety  of  alloying  elements  and  in  CNC  directed  flexible  geometries. 
Direct  use  in  replacement  of  castings,  or  as  quick  delivery  forging  pre-forms,  is  projected. 

Selection  of  quality  precursor  titanium  and  alloying  powders  is  critical  to  the  success  of 
the  process.  Titanium  powder  from  different  suppliers  and  manufactured  using  different 
techniques  has  been  investigated  and  the  results  published  [4],  The  wide  variation  in  powder 
chemistries  requires  the  user  to  be  especially  selective  when  procuring  powders  for  the  LaserCast 
process. 
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The  processed  near-shape  titanium  articles  fabricated  by  this  process  require  additional 
manufacturing  to  obtain  net  shape  and  surface  quality  requirements.  For  some  applications 
machining  may  suffice.  The  near-shape  LaserCast  articles  should  provide  a  quality  forging  and 
hot  isostatic  press  (HIP)  pre-form  for  larger  articles  and  where  application  requirements  require 
additional  metallurgical  refinement.  This  process  is  especially  favorable  to  producing  large 
forging  pre-forms  where  tooling  costs  are  often  prohibitive.  A  near-shape  forging  pre-form  can 
be  produced  by  this  process  in  a  few  weeks  that  will  eliminate  the  need  for  many  of  the  initial 
forging  blocker  die  and  heat  treatment  operations.  This  will  offer  a  significant  savings  in  cost  as 
well  as  time  to  market. 

A  preliminary  evaluation  of  the  economics  of  titanium  parts  production  from  a  dedicated 
LaserCast  manufacturing  cell  cost  center  was  explored.  Results  indicate  that  titanium  parts  can  be 
delivered  at  50%  or  less  of  the  present  cost  of  similar  forged,  HIP'd,  or  conventionally  cast 
structures.  Time  to  market  can  also  be  significantly  reduced  by  50%  or  more. 

FUTURE  WORK 


Further  work  is  planned  to  perform  additional  material  qualification  tests  on  Ti-6A1-4V  and 
ELI  Ti-5Al-2.5Sn  ELI  alloy  ingots.  Additionally,  plans  include  the  fabrication  of  two  prototype 
structures  with  guidance  from  two  aerospace-defense  contractor  companies  and  delivery  of  these 
structures  for  their  evaluation.  Refined  economic  projections  for  metallic  parts  produced  by  a 
commercial  system,  and  the  detailed  design  of  that  system,  are  also  planned. 

Process  refinement  is  continuing  with  several  key  system  hardware  improvements  planned. 
An  enhanced  processing  chamber  is  being  developed  that  will  facilitate  production  of  larger  articles 
measuring  30-inches  x  30-inches  in  plan  view  cross  section  and  up  to  12-inches  thick  with  a 
maximum  weight  of  500-pounds.  A  unique  circular  dithering  laser  beam  (to  supersede  the  current 
linear  dither)  has  recently  been  added  to  the  system  to  provide  flexibility  in  forming  complex 
geometries.  Continuous  laser  processing  will  be  supported  by  the  addition  of  a  unique  powder 
feeder,  to  provide  continuous  deposition  of  powder,  and  active  cooling  on  critical  heat  affected 
components. 

The  production  system  development  is  in  progress.  Detailed  design  efforts  for  the 
production  system  have  been  initiated  based  on  a  completed  FRS  and  a  preliminary  conceptual 
design.  Key  components  of  the  production  system  have  been  identified  and  their  design  accelerated 
to  allow  for  prototyping.  These  key  components  include  a  unique  powder  feeding  system 
(including  the  capability  to  change  powder  constituents  on-the-fly  to  make  graded-composition 
alloys)  and  process  feedback  sensing  subsystems.  A  potential  customer  for  the  first  production 
system  has  also  been  identified. 
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Abstract 

Rapid  Prototyping  emerged  in  the  USA  in  the  late  80’s  and  it  made  the  whole  industry  rethink 
their  way  of  making  prototypes.  Several  new  different  process  have  emerged  since  then  and  these 
vary  in  materials,  times,  prices,  finishing  quality,  etc.  However,  not  many  have  achieved  acceptable 
results  with  using  100%  pure  metal.  Some  heavy  industry  want  prototypes  made  with  metal  in  order 
to  assess  not  only  the  shape  of  the  prototype  but  also  its  hardness  conditions  and  functionality  of  the 
component  in  real  situations.  This  technique  is  still  under  development  at  several  different  places  and 
although  some  research  have  been  done  recently  the  results  are  not  yet  as  desired. 

In  the  last  couple  of  years  a  Rapid  Prototyping  process  involving  direct  deposition  of  metal  had 
been  under  development  (as  a  PhD  research)  at  Cranfield  University.  The  process  entails  the  use  of  a 
Gas  Metal  Arc  fusion  welding  robot  which  deposits  successive  layers  of  metal  in  such  way  that  it 
forms  a  3D  solid  component. 

A  solid  model  is  first  drawn  using  a  CAD  system,  then  data  indicating  the  kind  of  layers  and 
dimension  is  incorporated  and  the  solid  is  automatically  sliced.  This  slicing  routine  also  generates 
reports  on  the  welding  time  and  conditions  for  the  production  of  the  component  and  automatically 
generates  the  robot  program. 

Depending  on  the  complexity  of  the  component,  the  time  from  drawing  the  component  to  being 
ready  to  press  the  robot  start  button  to  make  the  component  can  take  less  than  a  couple  of  hours. 

Several  test  components  were  produced  with  good  characteristics  and  perfectly  acceptable 
surface  finishing.  This  paper  describes  the  process  and  shows  some  samples. 


1.  Introduction 


The  current  process  was  first  briefly  described  by  Ribeiro  in  1  and  as  the  work  is  now 
finished  it  is  here  described  in  more  detail. 

Rapid  Prototyping  is  a  technique  to  produce  prototypes  in  a  short  period  of  time  to  make 
companies  more  competitive.  The  advantages  are  tremendous  and  some  of  them  are:  reducing  the 
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orototvping  time  production;  the  techniques  are  'automatic'  which  means  there  is  less  need  to 
have  a  skilled  operative;  these  processes  are  less  wasteful  stee  teynom»Dy  operate^ 
additive  process  instead  of  subtractive  process;  using  a  CAD  program,  J  y 

implement  changes  in  the  component  and  berng  only  necessary  to  re-prmt  it,  m  mo  t  of  hese 
nroCesscs  it  is  possible  to  make  more  than  one  prototype  in  one  operation,  it  is  possible  to 
the  automated  machining  centre  machine  working  with  little  supervision  around  the  c  oc  . 

But  traditional  RP  processes  also  has  some  disadvantages  like:  the  size  of  the  Protot^e  ls 
limited  by  “c  L  of  the  machine;  the  machines  normally  used  are  very  costly;  .  *  not  alway 
”o  make  the  prototype  in  the  required  material  for  final  component  (most  of  .tee 
techniques  use  wax,  photopolymers,  thermoplastics  and  ceramics  or  even  paper  for  the  filial 
model)  Sometimes,  it  is  very  important  not  only  to  observe  the  prototype  but  also  to  test  it  and 
sometimes  to  use  it’  Since  typical  rapid  prototyping  samples  have  limited  mechanical,  thermal  an 
chemical  properties  of  the  materials  that  can  be  manufactured  these  cannot  be  tested  or  even  use  . 
Techniques  which  prototype  components  in  100%  metal  are  not  common  although  some  attempts 

have  been  made. 

To  overcome  this  problem  a  technique  for  rapid  prototyping  components  using  Robotic  Arc 
Welding  has  been  investigated  in  the  present  work. 

In  this  process  the  component  is  formed  by  melting  and  depositing  the  metal  using  the  GMA 
welding  process  A  CAD  drawing  system  is  used  to  create  the  initial  solid  shape  and  a  weldrng 
robot  is  used  to  manipulate  the  welding  torch. 

2.  Background 

There  have  been  a  few  attempts  at  rapid  prototyping  using  welding  techniques  but  most  of 
these  used  Numerically  Controlled  (NC)  machines  or  special  purpose  automatic  machines  instea 
of  robots.  Where  robots  have  been  used  these  have  been  programmed  manually. 

In  these  the  robot  was  programmed  to  do  only  one  shape  and  it  was  not  possible  t0 
the  shape  without  re-programming  again  the  robot  (manually).  The  robot  program  was  nm  hnkrf 
to  any  CAD  package  unlike  all  the  other  rapid  prototyping  methods.  In  none  of  these  cases 
the  component  designed  in  a  CAD  package  which  means  that  no  changes,  previews  or  analysis 

the  components  were  possible. 

In  fact  most  of  the  tries  that  have  been  made  were  with  very  simple  geometric  shapes  such 
as  cylindrical  shapes.  In  some  cases  they  simply  involved  depositing  metal  on  tun.  tables  wuh  te 
welding  gun  stationary.  In  these  attempts  the  metal  deposition  rates  were  very  hig 
component’s  final  quality  was  not  very  recommendable. 


3.  Working  Principle  of  this  Process 

The  component  is  first  drawn  in  a  CAD  system  as  a  3  dimensions  solid .model.  Then,  this 
has  to  be  sliced  like  any  other  RP  process  although  this  slicing  is  slightly  different.  Instead  o 
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calculating  the  borders  of  the  intersection  between  a  plane  and  the  solid,  the  centre  line  is  what’s 
required.  The  centre  line  represents  the  path  that  the  robot  has  to  follow  in  order  to  deposit  the 
weld  bead  at  the  right  places  to  build  up  the  component.  The  welding  parameters  are 
automatically  generated  by  the  program  (according  to  the  metal  to  be  used)  in  order  to  achieve 
the  required  bead  geometry  and  stable  operating  parameters.  These  parameters  were  derived  from 
welding  studies  carried  out  by  Norrish  2  and  parametric  equations  generated  by  Ogunbiyi  and 
Norrish  3.  Besides  the  welding  parameters,  the  slicing  software  automatically  generates  reports 
containing  time  taken  for  making  the  component,  quantity  of  material  needed,  final  approximate 
weight,  etc.  After  the  3D  model  has  been  sliced  with  the  routines  developed  by  the  author,  a 
program  reads  the  resulting  lines/polylines  and  automatically  generates  the  robot  program  for 
making  the  component  and  this  can  be  simulated  with  the  use  of  a  robot  simulation  program  to 
check  for  collisions  or  other  problems  such  as  access.  The  robot  program  may  be  modified  if 
necessary. 

The  last  step  to  be  carried  out  is  to  compile  the  robot  program  and  to  upload  it  to  the  robot. 
The  robot  is  now  ready  to  start  welding  or  in  other  words  to  start  building  up  the  component  as 
far  as  the  welding  system  is  operational. 


4.  Apparatus 

A  graphical  description  of  the  rapid  prototyping  hardware  used  is  shown  in  Figure  1.  The 
dotted  arrows  represent  ideal  situations  and  not  the  real  work  cell. 

A  computer  is  connected  to  the  robot  controller  via  a  serial  cable  RS-232-C  and  also  to  a 
printer.  The  power  source  and  welding  consumables  are  connected  to  the  welding  torch  which  is 
mounted  on  the  robot  arm.  The  robot  builds  the  component  on  a  table.  This  table  should  ideally 
be  controlled  by  the  robot  (dotted  arrow). 


Power 

Source 

4 

... 

♦ 

r 

Welding  1 

1  J 

Welding 

|  Consumables! 

1  :  1 

Torch 

i 

Table 

H" 

ROBOT 

K 

1 

I 

I 

Computer 

wmwm 

I 

— H 

Workpiece 

1 

Printer 

Legend 


Computing  System 
Welding  System 
Rapid  Prototyping 
UV/ Shock  fencing 


Figure  1  -  Rapid  Prototyping  work  cell  Hardware 
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The  individual  components  of  the  system  used  here  were: 

•  An  ASEA  IRb  2000  robot  from  ABB.  This  is  not  a  specifically  welding  robot  but  a  6  degrees 
of  freedom  robot  with  an  S3  controller. 

•  The  Table  used  for  the  second  case  study  was  a  stand  alone  turn  table  but  for  the  rest  of  the 
samples  no  turn  table  was  used. 

•  For  most  of  the  components  built,  the  Power  Source  used  was  a  Migatronic  BDH  320 
although  some  tests  were  later  on  carried  out  with  a  Migatronic  BDH  550.  The  Welding  Torch 
was  a  BINZEL  PUSHPULL  torch. 

•  The  computer  used  for  the  CAD,  off-line  programming  and  downloading,  was  a  PC  with  an 
Intel  80486  microprocessor  running  at  66  MHz  with  16  Mbytes  of  RAM  memory.  The  hard¬ 
disk  capacity  was  250  Mbytes. 

•  The  whole  work  cell  had  a  fence  all  around  it  with  glasses  containing  an  Ultra  Violet  (UV) 
filter  to  protect  the  eyes  of  the  operators  in  the  environment.  The  robot  and  table  alone  had 
another  fence  with  another  UV  filter.  This  second  fence  was  also  to  protect  the  physical 
movements  of  the  robot  (shock)  and  also  to  protect  the  eyes  from  the  rays.  Should  the  fence  be 
opened,  a  circuit  would  go  off  and  the  robot/power  source  would  stop  working  immediately. 

•  The  consumables  were  all  the  necessary  ones  to  a  Gas  Metal  Arc  Welding  process  like  the 
wire,  gas  and  contact  tips. 

The  software  used  was  AutoCAD  release  12  for  DOS  as  the  CAD  system,  the  Slicing 
Routine  was  created  by  the  author  of  this  paper  and  the  Off-Line  program  to  compile  and 
download  the  robot  program  was  SPORT  1.0. 

The  use  of  this  particular  Hardware/Software  is  not  mandatory.  Any  suitable  Personal 
Computer  could  be  used.  A  possible  limitation  is  the  Slicing  program  which  was  developed  to 
work  with  AutoCAD  release  12,  but  this  could  be  translated  to  any  other  language  and  CAD 
system.  The  robot  used  is  not  a  limitation.  In  fact  this  robot  was  not  even  fitted  with  the  normal 
welding  robot  options.  Any  other  robot  could  be  used  if  the  robot  program  was  generated  in  the 
desired  language. 


5.  Test  Samples 

Three  components  were  choosen  to  be  shown  and  described  in  this  section  although  several 
other  were  built  up. 

5.1  Chimney 

The  first  one  consists  of  a  ‘chimney’  shape.  The  idea  was  to  continue  the  cylinder  in  its  top 
part  but  due  to  lack  of  material  (and  due  to  its  price)  it  had  to  be  interrupted. 
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It  took  about  half  an  hour  to  draw  it  in  a  CAD  system  and  about  another  half  an  hour  to 
slice,  generate  the  reports  and  generate  the  robot  program.  This  was  done  in  three  separate  robot 
programs  although  it  could  be  done  all  in  one. 

It  is  about  250  mm  height  and  weighs  4,240  Kg  (without  the  base  plate)  and  it  lost  around 
about  3  millimeters  in  height.  The  width  was  planned  to  be  5.6  mm  and  in  the  end  it  was 
measured  and  it  varyed  +/-  0.3  mm.  At  the  location  where  the  robot  moves  up  (from  layer  to  lay) 
was  slightly  heigher  (about  1  mm)  than  the  rest  of  the  component.  After  observing  this  problem, 
the  other  components  were  made  using  a  spiral  technique  to  avoid  brupt  movements  upwards. 
The  welding  parameters  are  of  extremely  importance  for  the  final  dimensions,  final  surface 
finishing  and  final  quality  and  these  can  make  the  whole  difference  between  a  good  component 
and  a  bad  component.The  component  here  described  can  be  seen  in  Figure  2. 


5.2  ‘Bow  Tie’ 

This  component  consists  of  a  ‘bow  tie’  shape  and  was  intended  to  study  increase  of  radius 
and  consequent  loss  of  height. 

It  took  about  half  an  hour  to  draw  it  in  a  CAD  system  and  about  another  half  an  hour  to 
slice,  generate  the  reports  and  generate  the  robot  program. 

It  is  about  200  mm  height  and  weighs  around  about  3  Kg  (without  the  base  plate).  The 
width  was  planned  to  be  5  mm  and  in  the  end  it  was  measured  and  it  varyed  +/-  0.2  mm.  This 
component  was  done  with  four  ‘up  movements’  by  the  robot  which  means  that  instead  of  moving 
the  whole  bead  height  all  in  one  go  it  did  it  in  four  separate  places  reducing  though  the  height  in 
that  location.  Like  in  the  previous  component  the  welding  parameters  are  of  extremely 
importance  for  the  final  dimensions,  final  surface  finishing  and  final  quality  and  these  can  make 
the  whole  difference  between  a  good  component  and  a  bad  component.  This  component  achieved 
a  good  surface  finishing,  very  near  geometrical  expectations  (less  than  1  mm  in  height  lost). 

The  component  here  described  can  be  seen  in  Figure  3. 


5.3  Pint  Glass 


This  component  consists  of  a  ‘pint  glass’.  It  took  just  under  half  an  hour  to  draw  it  in  a 
CAD  system  and  about  fifteen  minutes  to  slice,  generate  the  reports  and  generate  the  robot 
program. 

It  is  about  1 80  mm  height  and  weighs  around  about  3  Kg  (without  the  base  plate).  The 
width  was  planned  to  be  6  mm  and  in  the  end  it  was  measured  and  it  varyed  +/-  0.2  mm.  This 
component  was  done  with  a  spiral  technique  which  means  that  instead  of  moving  the  whole  bead 
height  all  in  one  go  it  was  moving  up  as  it  goes  along  the  circle  reducing  though  the  height  in  a 
particular  location.  Like  for  eveiy  component  the  welding  parameters  are  of  extremely 
importance  for  the  final  dimensions,  final  surface  finishing  and  final  quality.  This  component 
achieved  a  good  surface  finishing,  very  near  geometrical  expectations  (less  than  0.5  mm  in  height 
lost). 


The  component  here  described  can  be  seen  in  Figure  4. 


Figure  4  -  'Pint’  glass 
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6.  Conclusions 

The  reason  for  making  a  prototype,  should  not  only  be  to  visualise  but  also  useable  to  test 
and  assess  it  in  its  final  function.  Therefore,  it  is  important  to  make  the  prototype  with  the  same 
material  used  in  the  real  and  final  component.  This  process  allows  components  to  be  made  with 
metal  successfully. 

This  technique  can  be  used  to  make  not  only  the  prototype  but  also  the  final  component 
with  the  desired  metal  for  ‘one-ofP  production.  Therefore,  this  represents  also  a  new  production 
technique  more  suitable  for  low  volume  production. 

Another  advantage  with  this  new  technique  is  that  different  metals  can  be  used  during  the 
build  up  of  the  component  to  achieve  different  structural  characteristics  in  different  parts  of  the 
same  component.  This  would  not  be  possible  with  casting.  The  welding  can  be  stopped  at  any 
time,  the  filler  material  changed,  and  the  welding  started  again  as  far  as  the  metals  are  compatible. 
The  time  to  change  the  wire  and  the  welding  parameters  is  not  very  long. 

In  this  process  the  slices  are  automatically  created,  the  ARLA  robot  program  generated 
completely  automatically  and  it  was  not  essential  to  use  a  robot  simulation  package  to  test  it, 
although  simulation  can  be  used  to  save  on  line  time.  This  means  that  this  process  is  very 
automatic  with  almost  none  intervention  from  the  user  (except  for  drawing  the  component  in  a 
CAD  system). 

Several  components  were  made  with  perfectly  acceptable  quality  in  surface  finishing, 
mechanical  characteristics  and  dimensions.  The  welding  parameters  are  of  extremely  importance 
in  this  proces.  The  represent  the  difference  between  a  good  component  and  a  bad  component. 
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THE  LIQUID-TO-SOLID  TRANSITION 
IN  STEREODEPOSITION  TECHNIQUES 


R.S.  Crockett,  P.D.  Calvert 
University  of  Arizona,  Tucson,  AZ 


Introduction 

Stereodeposition  is  a  broad  category  of  Solid  Freeform  Fabrication  techniques  that  accomplish  the 
layerwise  buildup  of  an  object  through  the  direct  placement  of  bulk  material.  All  stereodeposition 
techniques  involve  writing  a  path  of  liquid  material,  which  rapidly  undergoes  a  transformation  to  a 
solid.  This  transformation  can  occur  by  cooling,  removal  of  solvent,  or  a  catalyzed  chemical 
reaction;  the  only  requirement  is  that  initial  solidification  provide  sufficient  change  to  support  the 
next  cross-sectional  layer.  Post-processing  can  later  be  performed  on  the  object  as  a  whole  to 
achieve  final  properties,  such  as  completion  of  polymerization  or  burnout  of  binder  and  sintering  of 
ceramic  particles. 

This  family  of  layerwise  processing  techniques  lends  themselves  to  the  production  of  a  wide  range 
of  materials,  including  functional  ceramics1,  engineering  polymers,  and  composites2.  Beyond  this, 
stereodeposition  has  the  potential  to  produce  complex,  functionally  gradient  materials3  and 
ultimately  enable  the  chemical  processing  of  exotic  material  systems  which  mimic  biological 
processes4.  The  key  to  this  flexibility  is  stereodeposition’s  ability  to  operate  under  a  wide  range  of 
liquid-solid  transformation  rates.  The  first  generation  of  stereodeposition  processes  have  selected 
material  systems  with  object  precision  and  ease  of  operation  as  the  driving  goal.  This  leads  to  the 
extrusion  of  thermoplastic  materials  with  a  high  viscosity  (1000-10000  cps)4’2  or  to  systems  with  a 
reaction  rate  <  1  s  .  The  more  interesting  end  of  the  spectrum  for  expanding  the  range  of 
materials,  however,  is  systems  with  low  viscosity  and  low  reaction  rates  combined  with 
significantly  higher  shrinkages.  In  extending  the  use  of  stereodeposition  from  thermoplastics  and 
other  high-solidification  rate  materials,  it  is  necessary  to  understand  how  the  characteristics  of  a 
material  system  of  interest  impact  the  freeforming  process.  This  paper  presents  current  efforts  at 
the  University  of  Arizona  to  model  the  deposition  and  transformation  in  stereodeposition 
techniques,  followed  by  a  brief  discussion  on  the  impact  of  material  characteristics  on  the  operation 
of  stereodeposition  systems. 


Stereodeposition  Techniques  and  Solidification  Strategies 

The  original  and  simplest  method  of  rapidly  transforming  a  bead  from  liquid  to  solid  is  through 
removal  of  heat.  In  the  Stratasys  Fused  Deposition  Modeling  (FDM)  process,  a  wax  or  low 
viscosity  polymer  in  the  form  of  a  filament  is  melted  and  deposited,  solidifying  upon  cooling.  By 
using  the  polymer  as  a  binder  for  ceramic  particles,  this  process  has  been  extended  to  produce 
ceramic  greenbodies  in  the  Fused  Deposition  of  Ceramics  (FDC)  process2.  Advanced  Ceramics 
Research  (ACR)  employs  a  similar  technique,  using  a  high  pressure  (0.5  to  4.5  kpsi)  extrusion 
apparatus  to  produce  high  molecular  weight  polymer  objects  and  ceramic  greenbodies  from  feed 
rods.  In  all  of  these  processes,  the  liquid-solid  transformation  occurs  quite  rapidly.  This 
transformation  is  determined  by  heat  flow  for  glass-forming  materials  or  by  much  slower 
crystallization  kinetics  in  waxes  and  Nylon.  Even  in  these  cases,  however,  the  time  scale  is 
probable  less  than  1  minute. 

The  Reactive  Stereodeposition  process6,  originally  developed  to  produce  ceramic  objects,  involves 
significantly  slower  transformation  rates.  In  Reactive  Stereodeposition,  a  highly-loaded  ceramic 
slurry  is  dispensed  through  a  syringe  in  an  appropriate  2-D  pattern;  a  sufficient  binder 
polymerization  rate  is  achievable  by  a  catalyzed  reaction,  combined  with  rheology  changes,  to 
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rigidize  the  slurry  sufficiently  to  support  the  weight  of  successive  layers.  Catalysis  can  be 
triggered  by  the  activation  of  a  component  already  present  in  the  slurry.  Depending  on  the  type  of 
polymer  binder,  the  activation  can  be  in  the  form  of  heat,  light,  or  a  change  in  pH.  It  is  also 
possible  to  introduce  a  catalyst  in  a  mixing  chamber  immediately  before  the  slurry  is  deposited. 
This  technique  has  been  used  by  ACR  to  produce  alumina  and  silicon  nitride  parts  from  slurries 
containing  ceramic  powders  or  inorganic  fibers  dispersed  in  liquid  acrylic  monomers7,  which  are 
polymerized  by  dispensing  on  a  heated  surface. 

A  stereodeposition  system  developed  at  the  University  of  Arizona6  employs  ethyl  silicate,  a  metal 
alkoxide  compound,  as  a  binder.  Rigidization  is  achieved  initially  by  the  rapid  evaporation  of 
ethanol  and  recovery  from  shear  thinning  during  the  deposition  process.  Gelation  of  the  binder  is 
then  triggered  by  the  addition  of  a  base  catalyst  (NH4OH)  through  a  spray  of  ammonia  water 
applied  to  the  surface.  Full  curing  takes  hours,  and  is  allowed  to  continue  in  the  object  as  a  whole 
by  suspending  the  greenbody  in  a  sealed  container  above  a  mixture  of  ethanol  and  ammonium 
hydroxide.  This  provides  a  wet,  basic  environment  for  the  continuation  of  curing  without  drying. 
After  curing  is  complete  (approximately  24  hours),  the  environment  is  modified  to  allow  for  drying 
at  a  slow  rate.  This  system  has  been  used  to  produce  silica,  mullite,  and  fiber-reinforced 
borosilicate  glass  greenbodies. 

In  extending  the  Reactive  Stereodeposition  system  to  the  slowest  liquid-solid  transformation  rates, 
initial  solidification  must  result  primarily  from  rheology  changes  of  the  slurry,  which  are  often 
sufficient  to  support  the  shape  of  a  deposited  bead  for  an  extended  period  of  time.  In  this  case, 
polymerization  of  the  binder  can  occur  as  a  separate,  later  step.  Thus  the  slurry’s  rheological 
properties,  and  especially  the  impact  of  shear  thinning  and  solvent  removal,  become  driving  criteria 
for  slurry  development. 

Modeling  the  Liquid-to-Solid  Transition 


Deposition  and  Bead  Stability 

Stereodeposition  shares  with  other  freeforming  techniques  a  relationship  between  write  speed  and 
cross-sectional  path  area,  with  operational  boundaries  defined  by  the  characteristics  of  the  material. 
The  flow  of  a  viscous  material  through  a  deposition  orifice  (figure  la)  is  controlled  by  Hagen- 
Poiseuille  flow8,  in  which  flow  rate  (Q)  is  reduced  for  high  fluid  viscosity  (r|)  and  small  orifice 
sizes  (R)  or  long  tip  length  (L)  at  a  given  deposition  pressure  (PGAge): 


0  = 


877L 


(i) 


Once  the  material  leaves  the  dispensing  tip,  conditions  for  bead  stability  during  writing  impose  a 
limit  to  the  head  speed.  For  a  given  volume  flow  rate,  bead  cross  sectional  area  is  inversely 
proportional  to  head  speed  (figure  lb).  As  speed  is  increased,  bead  area  is  reduced;  above  a 
certain  speed  (equivalent  to  a  minimum  cross  sectional  bead  area),  the  bead  will  tear,  producing 
gaps  in  the  final  part.  The  minimum  achievable  area  at  the  maximum  head  speed  is  a  similar 
geometry  to  the  problem  of  an  axisymmetric  liquid  bridge9,  which  is  stable  up  to  a  height  limit  on 
the  order  of  the  square  of  the  tip  height  above  the  surface  divided  by  n: 
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Figure  1.  Deposition  geometry. 


Combining  equations  (1)  and  (2),  we  have  the  imposed  condition  for  depositing  a  continuous  bead 
with  a  minimum  cross  sectional  area: 


.  j 

SrjLS  7i  (3) 

While  liquid  properties  are  not  directly  involved  in  the  stability  limit  presented  in  equation  (2),  the 
impact  of  exceeding  the  stability  limit  and  the  ability  of  a  material  to  “neck  down”  from  R  to  R’ 
varies  based  on  the  Weber  number  and  the  Reynolds  number  of  the  liquid10.  The  Weber  number 
contains  the  magnitude  of  the  surface  tension,  with  low  surface  tension  liquids  less  susceptible  to 
forming  individual  droplets.  Because  it  is  also  associated  with  splashing,  the  Weber  number  is  an 
important  parameter  in  the  resolution  of  individual  write  paths  in  the  3-D  Printing  process11. 


Bead  Spreading 

If  the  deposited  bead  conforms  to  a  Bingham-type  rheology  with  an  increasing  yield  strength 
caused  by  polymerization  and  solvent  removal,  it  is  possible  to  derive  a  differential  equation  for  the 
rate  of  increase  of  bead  width  (S  ).12: 

dSsL  _  1  A  (F(0)-Fy(f,0)) 

dt  T]  SSL~  l  (AS 


Here  r\  is  the  liquid  viscosity  and  A  is  the  bead  cross  sectional  area.  The  driving  force  for 
spreading  per  unit  of  bead  length  (F/l)  and  restraining  force  per  unit  of  bead  length  (FJ1)  are  found 
by  a  force  balance  performed  at  the  edge  of  the  spreading  bead  (figure  2a).  Substituting 
appropriate  equations  for  forces  and  for  the  bead  width  in  (4)  produces  an  equation  for  the  change 
in  bead  contact  angle  over  time: 


d(<f>)  _  A  yLV  (1-cos  6)  _tY(t)R 
dt  Fro  rj  R  (j)  yLV 


(5) 


In  this  equation,  yLV  is  the  surface  tension  of  the  deposited  liquid,  ty  is  the  liquid  yield  strength, 
and  R  is  the  radius  of  curvature  of  the  surface  onto  which  the  bead  is  dispensed  (an  individual  bead 
in  the  previously  deposited  layer).  Geometrical  constraints  (figure  2b)  produce  a  relationship 
between  (j)  and  0: 
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Figure  2.  Force  balance  and  bead  geometry. 


Solidification  Cases 

For  the  purpose  of  further  simplifying  the  model,  the  spectrum  of  solidification  rates  associated 
with  existing  stereodeposition  systems  can  be  classified  into  0,  moderate,  and  fast,  corresponding 
to  no  property  changes,  surface  property  changes,  and  bulk  property  changes  of  the  liquid  during 
bead  spreading.  The  simplest  case  of  equation  (5)  occurs  when  the  yield  strength  of  the  liquid  is 
constant  and  no  property  changes  occur  during  the  spreading  process.  This  is  the  situation  that 
occurs  in  the  slowest  Reactive  Stereodeposition  systems.  The  bead  will  continue  to  spread  at  a  rate 
controlled  by  surface  tension,  viscosity,  and  bead  geometry.  It  will  stop  at  a  final  contact  angle 
occurring  when  dcp/dt  =  0: 


(1  —  Cost?)  _  XyR  (J. 

<P  Ylv 

Under  conditions  of  moderate  diffusion  rates,  the  yield  strength  of  the  liquid  is  increased  in  a 
surface  shell,  without  changing  the  bulk  properties  of  the  liquid.  This  occurs  in  chemically 
reacting  systems  or  when  there  is  a  loss  of  solvent  from  the  surface  during  dispensing.  In  this 
case,  the  bulk  viscosity  remains  constant,  but  the  yield  strength  increases  with  time  due  to  the 
formation  of  a  “shell”  which  increases  in  thickness.  The  final  contact  angle  now  depends  on  time, 
based  on  the  permeability  of  the  solidifying  shell  (P)  and  the  driving  force  for  mass  transfer  (AC): 

1-COS0  _  TyR 
<P  7sl 

Permeability  is  usually  associated  with  a  gas  passing  through  a  film  and  is  expressed,  for  example, 
as  cm3  gas  at  standard  temperature  and  pressure  passing  per  second  through  1  cm2  of  a  membrane 
1  cm  thick  when  the  pressure  difference  across  the  membrane  is  1  cm  of  mercury.  If  a  linear 
relationship  exists  between  external  vapor  pressure  and  a  corresponding  equilibrium  concentration 
within  the  membrane,  permeability  can  be  expressed  in  terms  of  the  more  fundamental  diffusion 
coefficient,  which  has  units  cmV1.  The  driving  force  for  mass  transfer  is  either  a  concentration 
gradient  or  capillary  pressure  gradient,  depending  on  the  characteristics  of  the  solidifying  material. 

If  the  diffusion  is  fast  enough,  the  bulk  properties  of  the  liquid  change  appreciably  during 
spreading.  This  is  the  case  with  solidification  due  to  thermal  diffusion,  such  as  occurs  in  the 
cooling  of  a  thermoplastic  from  a  melt  (FDM).  A  typical  way  to  mathematically  treat  this  case  is  to 
define  a  “gel  time”  at  which  the  viscosity  and/or  yield  increases  dramatically.  In  this  situation,  the 
liquid  properties  would  be  treated  as  a  step  funtion. 
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Material  Parameter  Groups  and  “System  Contact  Angle” 

There  are  a  number  of  key  parameter  groups  which  can  be  identified  from  the  spreading  model 
presented  above.  In  the  absence  of  property  changes,  the  final  contact  angle  of  a  deposited  bead  is 
controlled  by: 


T  yR 

a  =  -J— 

Ylv 

Because  of  its  use  in  rheology  discussions,  it  is  useful  to  introduce  the  “index  of  plasticity”: 


(9) 


(10) 


With  this  definition,  the  rate  of  bead  spreading  is  controlled  by: 

a  _  zYR  rj  _t]  R 

P  Ylv  Ylv 


(ID 


This  parameter  grouping  is  the  same  as  that  which  controls  the  rate  in  amorphous  material  sintering 
processes13  and  capillary  penetration  of  liquids14. 

Finally,  the  time-dependent  solidification  or  “strength  diffusion”  term  becomes: 
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Using  these  groupings,  the  full  solution  to  bead  spreading  is: 
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After  the  first  few  deposited  layers,  the  system  will  achieve  a  “system  contact  angle”,  where  the 
newly  deposited  bead  spreads  until  it’s  final  radius  equals  the  radius  of  the  bead  onto  which  it  was 
deposited.  Under  these  equilibrium  conditions,  R  is  a  function  of  the  square  root  of  A,  eliminating 
one  system  variable.  The  full  bead  spreading  solution  thus  involves  a  3-dimensional  material 
“parameter  space”  of  a,  p,  and  6.  Current  work  at  the  University  of  Arizona  is  on  verifying  this 
model,  and  results  will  be  presented  at  next  year’s  symposium. 


The  Effect  of  Material  Parameters  on  Process  Results 

Generalizing  about  the  parameter  groupings  derived  above,  alpha  represents  a  liquid’s  resistance  to 
motion.  It  is  in  effect  a  ratio  of  the  restraining  force  to  the  driving  force,  thus  a  large  alpha 
represents  a  system  similar  to  extrusion,  where  flow  is  limited.  Beta  determines  the  system’s 
response  time,  with  a  small  beta  (high  viscosity)  indicating  a  “sluggish”  system.  One  example  of 
how  these  parameters  interact  to  effect  process  results  is  the  phenomenon  of  casteling,  wherein 
irregularities  in  deposited  lines  grow  into  large  peaks  and  troughs  in  the  course  of  forming  multiple 
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Figure  3.  Dependence  of  system  contact  angle  on  material 

parameters. 

layers.  This  occurs  under  either  low  alpha  (bead  tears  easily),  or  high  beta  (bead  cannot  respond  to 
disturbances  rapidly  enough). 

An  important  relationship  is  the  effect  of  beta  on  spreading  time,  which  in  turn  determines  the 
impact  of  delta  on  total  liquid  property  changes  during  bead  spreading.  Figure  3  presents  a  plot  of 
system  contact  angle  vs.  alpha,  delta,  and  spreading  time  (and  thus  beta)  as  determined  by  the 
model.  It  can  be  seen  from  this  figure  that  the  larger  any  of  these  three  parameters,  the  larger  the 
resulting  system  contact  angle.  The  system  contact  angle  determines  the  ultimate  precision  of  the 
part  in  a  direct  tradeoff  between  path  width  and  layerwise  resolution  (figure  4b).  A  bead  with  a 
cross-sectional  area  of  1  mm2  which  achieves  a  contact  angle  of  5°  will  result  in  a  path  width  of  3.9 
mm  and  layerwise  resolution  (layer  thickness  h  in  figure  4a)  of  510  urn.  Increasing  the  contact 
angle  to  40°  by  increasing  alpha,  delta  or  beta  reduces  the  path  width  to  2.4  mm  at  the  expense  of 
an  increased  layer  thickness  of  820  urn.  Also  associated  with  contact  angle  is  the  surface 
roughness,  the  difference  between  the  maximum  and  minumum  radii  of  the  deposited  beads  (figure 
4a).  The  cases  presented  above  have  an  inherent  roughness  of  17  and  70  |im,  respectively.  It  is 
important  to  note,  however,  that  in  producing  a  solid,  the  outer  surface  (the  circumference  of  a 
layer),  may  be  written  with  more  care  than  the  interior  of  the  layer.  Line  width  is  thus  not 
necessarily  the  limiting  factor  to  build  time. 


Equilibrium  Contact  Angle 
vs.  Alpha,  Delta 
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Figure  4.  (A)  Resolution  (h)  and  surface  roughness  (r2-rl). 

(B)  Dependence  on  contact  angle. 
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Figure  5  -  Rheology  of  typical  ceramic  slurry  used  for  reactive 

stereodeposition. 

A  low  beta  relative  to  alpha  is  useful  in  controlling  the  contact  angle  and  providing  time  flexibility. 
The  downside  to  this,  however,  is  the  lack  of  flow  which  can  create  diamond-shaped  flaws 
between  individual  paths.  A  strategy  we  use  extensively  in  our  reactive  stereodeposition  process  to 
achieve  a  desirable  amount  of  flow  and  a  reasonable  contact  angle  is  to  adjust  the  rheology  to 
produce  a  shear-thinning,  Bingham  plastic  liquid  with  a  yield  point. 

For  our  systems,  at  least,  this  is  achieved  by  the  addition  of  a  solvent  to  thin  the  liquid  plus  1-2 
vol%  fumed  silica  to  develop  a  shear-dependent  rheology  (figure  5);  the  yield  strength  of  these 
liquids  is  established  at  5%-10%  of  the  ratio  of  liquid  surface  tension  to  bead  cross-sectional  area. 
Viscosities  on  the  order  of  100  cps  during  deposition  under  shear  rates  of  100  S'1  allow  for 
dispensing  at  10  psi.  The  fluid  viscosity  then  rapidly  increases  to  greater  than  104  cps  during  the 
spreading,  as  the  shear  rates  drops  below  1 0" 1  s*1.  This  allows  a  reduced  spreading  rate  and 
sufficient  yield  to  control  the  final  contact  angle.  The  extreme  extension  of  this  strategy  is  where  a 
stable  contact  angle  is  reached  after  a  period  of  flow  by  recovery  from  shear  thinning  without  any 
solidification  occurring;  curing  is  then  performed  as  a  separate  step  on  the  surface  of  an  entire 
layer. 

Clearly,  solidification  during  bead  spreading  modifies  the  impact  of  the  liquid  properties  and  thus 
the  final  contact  angle  of  a  bead.  Solidification  rate  also  controls  the  time  required  between 
placement  of  adjacent  beads  and  layers  to  prevent  further  shape  changes,  as  well  as  the  inter-layer 
adhesion  and  shape  limitations  of  the  final  object.  An  obvious  objection  to  a  freeforming  approach 
is  the  long  processing  time  needed  to  react  a  sequence  of  layers.  Our  rule  of  thumb  has  been  that 
reaction  should  be  complete  to  the  point  of  solidification  within  one  minute  for  a  layer.  This  gives 
reasonable  process  times  for  layers  which  are  0.1 -1mm  thick.  A  typical  diffusion  coefficient  in 
liquid  is  10_5-10"6  cm2sec_1,  which  corresponds  to  a  diffusion  length  of  0. 1-0.5  mm  in  a  minute. 
This  suggests  a  maximum  layer  thickness  in  this  range  for  chemical  reactions  involving  diffusion 
out  of  products  or  loss  of  solvent.  If  diffusion,  rather  than  reaction  rate,  is  limiting  it  should  be 
possible  to  write  thinner  layers  faster  to  obtain  faster  overall  processing.  Thermal  diffusion  is 
generally  much  faster  than  mass  diffusion  and  is  unlikely  to  limit  the  forming  rate  in  materials  that 
solidify  by  cooling. 
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Rapid  reaction  will  result  in  adiabatic  heating  of  the  layer,  especially  in  monomer-rich  systems  with 
poor  thermal  conductivity.  We  have  observed  waves  of  reaction,  which  we  attribute  to  such 
thermal  autoacceleration,  moving  through  partly-formed  parts.  Thus  self-heating  can  limit  die 
overall  rate  at  which  material  is  deposited.  With  our  system,  at  least,  too  rapid  reaction,  in  relation 
to  the  time  to  write  a  layer,  also  results  in  poor  interlayer  bonding  and  later  delamination. 

This  paper  has  focused  on  the  importance  of  understanding  the  impact  of  material  properties  on  the 
stereodeposition  process,  specifically  in  the  critical  liquid-solid  transition.  While  we  have  touched 
on  some  of  the  key  issues,  there  is  still  much  to  be  understood.  The  ultimate  motivation,  however, 
is  that  a  solid  understanding  will  increase  the  range  of  material  systems  compatible  with 
stereodeposition  techniques,  allowing  this  method  to  produce  increasingly  novel  materials. 
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Abstract 

Fused  Deposition  and  Sanders  prototyping  were  used  to  manufacture  PZT-polymer 
composites  with  various  architecture  for  transducer  applications.  Two  separate  processing 
routes,  direct  and  indirect,  were  utilized  to  make  these  composites.  In  the  direct  processing 
route,  Fused  Deposition  of  ceramics  (FDC)  was  used  to  form  green  ceramic  structures.  For  the 
indirect  processing  route,  molds  of  the  negative  of  the  structures  were  made  using  FDM™  and 
Sanders  prototyping  techniques.  Molds  were  infiltrated  with  a  PZT  slurry  and  dried.  These 
structures  were  subjected  to  a  binder  bum  out  cycle  to  remove  the  mold  polymer  and  binder. 
Structures  were  sintered  and  infiltrated  with  an  acoustic  epoxy,  cut,  polished  and  poled  for 
electro-mechanical  characterization.  Among  the  various  composites  produced  via  the  direct 
and  indirect  processes  were:  3D  honeycomb,  3-3  ladder,  2-2  annular  and  1-3  rods.  Composites 
with  features  as  fine  as  50  pm  were  manufactured  and  characterized.  Properties  of  piezoelectric 
composites  produced  by  SFF  techniques  compared  to  conventionally  processed  composites. 

I.  Introduction 

Piezoelectric  materials  have  the  ability  to  convert  electrical  energy  into  mechanical  energy 
and  vice  versa.  These  materials  are  used  as  ultrasonic  transducers  in  two  different  modes, 
active  and  passive.  In  the  active  mode,  the  piezoelectric  material  only  receives  signals  while  in 
the  passive  mode,  it  will  both  send  and  receive  signals.  The  various  applications  for  these 
transducers  include:  medical  imaging,  hydrophones,  microphones,  phonographic  pick-ups, 
speakers,  strain  gages,  ignitors,  nondestructive  evaluation,  and  medical  applications  such  as 
osteosynthesis,  lithotripsy,  and  transdermal  drug  administration.  The  total  US  market  for 
ultrasonic  technology  was  $3.3  billion  in  1995,  and  was  projected  to  grow  to  ~$5.0  billion  by 
year  2000[1], 

Several  ceramic  and  polymer  materials  exhibit  piezoelectric  behavior.  Among  the  ceramic 
materials  lead  zirconate  titanate  (PZT)  is  being  the  most  extensively  used  material  in 
piezoelectric  transducers.  Piezoelectric  ceramics  have  a  relatively  large  value  of  d 33,  the 
longitudinal  piezoelectric  charge  coefficient,  but  their  hydrostatic  charge  coefficient  (d^)  and 
voltage  coefficient  (g)  are  low.  Moreover,  there  is  a  poor  acoustic  match  between  the  ceramic 
and  the  media  through  which  it  is  transmitting  or  receiving  a  signal  [2].  Piezoelectric  polymers 
have  low  density  and  higher  gfo  values  with  good  acoustic  matching,  but  they  have  low 
electromechanical  coupling  coefficients  ( kp  and  kf),  with  relatively  high  cost  of  fabrication  and 
poling[3].  Piezocomposites  consisting  of  a  piezoelectric  ceramic  in  an  inactive  polymer 
combine  the  desired  piezoelectric  sensitivity  and  dielectric  constants  of  piezoceramics  and  low 
density  and  greater  flexibility  of  polymers.  These  composites  have  shown  better 
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electromechanical  properties  than  monolithic  materials.  Various  composite  structures  with 
innovative  architectures  have  been  explored  over  the  last  two  decades.  The  connectivity  or  the 
microstructural  arrangements  of  the  ceramic  and  the  polymer  phase/ s  in  the  piezocomposites  is 
a  critical  parameter  for  the  electromechanical  performance  of  the  composites[4].  Numerous 
processing  routes  have  been  explored  to  fabricate  composites  with  various  connectivities 
including,  0-3,  1-3,  2-2  and  3-3.  Here,  the  first  digit  refers  to  the  number  of  dimensions  in 
which  the  piezoelectric  ceramic  phase  is  connected  and  the  second  digit  refers  the  same  for  the 
polymer.  One  of  the  applications  for  these  composites  is  in  ultrasonic  imaging  for  medical 
applications  where  the  imaging  resolution  can  be  increased  by  operating  these  transducers  at 
higher  frequencies.  An  increased  operating  frequency  usually  increases  the  noise  to  signal  ratio 
which  can  be  minimized  by  using  fine  scale  piezoelectric  transducers[5].  Some  of  the 
processing  techniques  developed  for  processing  piezoelectric  ceramic/polymer  composites  with 
numerous  connectivities  are  listed  in  Table  1. 

In  this  work,  solid  freeform  fabrication  (SFF)  methods  were  used  to  make  piezoelectric 
composites  with  novel  architectures.  Over  the  last  decade,  several  SFF  methods  have  been 
developed  as  techniques  to  fabricate  polymer,  metal  or  ceramic  structures  on  a  fixtureless 
platform  directly  from  a  CAD  file[6].  During  design  verification  or  product  development  stage, 
SFF  techniques  offer  great  flexibility  to  manufacture  prototypes  with  various  shapes,  sizes  and 
functionality.  For  example,  1-3  piezocomposites  are  widely  used  for  transducer  applications 
and  they  are  fabricated  using  various  techniques  including,  injection  molding,  dice  and  fill,  tape 
lamination  and  lost  mold[5].  In  conventional  processing,  a  change  in  design  for  1-3 
piezocomposites  is  not  only  cost  intensive,  but  also  very  time  consuming.  SFF  techniques  offer 
the  possibility  of  processing  these  1-3  piezocomposites  with  different  rod  spacing,  rod  size,  rod 
geometry  or  a  volume  fraction  gradient  in  ceramic  materials  from  surface  to  inside  with 
superior  properties  at  a  similar  cost  of  production  with  no  extra  time  for  processing.  The  Fused 
Deposition  process,  commercialized  by  Stratasys™  Inc.  (Eden  Prairie,  MN),  and  the  ink  jet 
printing  process,  commercialized  by  SPI  (Wilton,  NH),  were  used  for  this  work.  Indirect  and 
direct  processing  routes  were  used  for  processing  these  piezoelectric  ceramic/polymer 
composites.  In  the  indirect  processing  route,  a  polymer  mold  or  the  negative  of  the  structure 
was  fabricated  using  SFF  techniques.  The  mold  was  infiltrated  with  ceramic  slurry,  dried  and 
then  heat  treated  to  remove  the  mold  polymer  and  the  binder.  In  the  direct  processing  route,  a 
green  ceramic  structure  was  directly  formed  using  Fused  Deposition  of  Ceramics  (FDC)  and 
then  heat  treated  to  remove  the  binder [7],  The  structures  were  then  sintered  and  back  filled 
with  an  epoxy  to  form  the  composite. 

This  paper  focuses  on  fabrication  of  PZT/polymer  composites  with  1-3  (using  MM6-Pro, 
Sanders  Prototype),  2-2  and  3-3  connectivities  (using  Fused  Deposition  technique).  Physical 
and  electromechanical  characterization  of  these  composites  are  presented,  and  advantages  of  the 
SFF  approach  are  highlighted. 


II.  Processing 


The  Fused  Deposition  and  Sander  Prototype  processes  were  used  to  form  piezoelectric 
ceramic/polymer  composites.  These  composites  were  processed  via  two  different  routes:  (a) 
direct  and  (b)  indirect.  Both  methods  are  schematically  shown  in  Fig.  1.  In  the  direct 
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processing  route,  FDC  was  used  with  a  PZT  powder  loaded  polymer  filament  as  the  feed 
material  for  a  direct  layered  manufacturing  of  the  3D  green  ceramic  structure.  Commercially 
available  polymer/wax  was  used  to  create  the  molds  for  the  indirect  process.  Piezoelectric 
ceramic/polymer  composite  structures  were  processed  via  lost  mold  technique[8].  In  both  the 
indirect  and  the  direct  routes,  the  final  composite  was  formed  by  embedding  the  ceramic 
structure  in  an  acoustic  epoxy,  and  then  electroding  and  poling  them.  Physical  and 
electromechanical  properties  were  then  evaluated. 

Il.a  Direct  Fused  Deposition  of  Piezoelectric  Ceramic/Polymer  Composites 

The  3-3  ladder  structures  with  various  orientations  were  built  using  the  direct 
manufacturing  technique  with  filaments  of  thermoplastic  binder  filled  with  PZT  powder.  A 
commercially  available  spray  dried  PZT-5H  powder  (Morgan  Matroc  Inc.,  Cleveland,  OH)  was 
used.  Filaments  were  fabricated  with  52  volume  percent  solids  loading  in  a  six-component 
thermoplastic  binder  system.  Compounding  or  mixing  of  the  powders  with  binders  was  done  at 
100°C  using  a  Haake  Rheocord  System  40  (Passaic,  NJ)  at  100  rpm  for  one  hour  at  a  stabilized 
torque.  The  compounded  mix  was  granulated  before  filament  fabrication.  Filaments  of  1750 
(+/-  50)  pm  in  diameter  were  fabricated  using  an  Instron  capillary  rheometer  at  a  temperature  of 
65-75°C  using  a  constant  cross  head  speed  of  1  mm/minute.  A  3D  Modeler™  by  Stratasys™, 
Inc.  (Eden  Prairie,  MN)  was  used  for  Fused  Deposition  of  Ceramics  (FDC)  process.  The 
liquifier  temperature  was  maintained  between  140-200°C  while  the  temperature  of  the 
surrounding  environment  was  in  the  range  of  30-40°C.  After  processing,  the  green  part  was 
removed  from  the  foam  bed  for  further  processing. 

Il.b  Indirect  Processing  of  Piezoelectric  Ceramic/Polymer  Composites 

In  this  process,  polymer  molds  having  the  negative  of  the  desired  structures  were  formed  via 
Sanders  Prototype  and  FDM™.  Molds  were  built  using  Stratasys™  commercial  investment 
casting  wax  or  ICW-04  and  SPI’s  commercial  wax.  A  ceramic  slurry  containing  a  high  solids 
loading  (45  volume  %)  of  lead  zirconate  titanate  (PZT)  developed  for  the  lost  mold  technique 
used  to  infiltrate  the  polymer  molds  [9],  The  high  solids  slurry  minimized  cracking  in  the 
samples  during  solvent  drying  and  binder  burnout.  Excess  ceramic  slurry  on  the  top  acted  as  a 
base  for  the  structure  after  the  burnout  of  the  mold. 

II.c.  Firing 

A  three-stage  binder  burnout  cycle  in  air  was  developed  for  the  polymers  in  the  structure. 
The  specimens  were  heated  from  room  temperature  to  350°C  at  a  rate  of  l°C/min.  and  held  for  1 
hour  to  allow  most  of  the  polymer  mold  to  evaporate.  The  temperature  was  then  increased  to 
550°C  at  a  rate  of  1.5°C/min.  and  held  for  2  hours  to  burnout  the  binder.  A  third  soak  at  800°C 
for  1  hour,  with  a  heating  rate  of  3.5°C/min.,  was  necessary  to  impart  sufficient  bisque  strength 
to  the  ceramic  structures  for  mechanical  handlability.  The  specimens  were  cooled  to  room 
temperature,  and  sealed  in  a  crucible  containing  an  excess  lead  source.  The  specimens  were 
then  heated  at  a  rate  of  3.5°C/min  to  1285°C,  and  held  for  1  hour  to  sinter  the  PZT  ceramic. 
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II.c  Characterization 


The  sintered  samples  were  embedded  in  Spurr  epoxy  (Ernest  F.  Fullam  Inc.,  Latham,  NY) 
and  cured  in  an  oven  at  70  °C  for  12  hours  in  air.  After  removing  the  base  and  polishing  both  of 
the  sides  parallel  to  each  other,  the  volume  percent  of  PZT  ( VpzT. )  in  the  composite  was 
calculated.  The  polished  surfaces  were  then  coated  with  silver  paint  and  the  composite 
specimens  were  poled  in  a  corona  poling  apparatus  at  70°C,  25  kV  for  20  min.,  with  a  needle  to 
specimen  separation  of  4.5  cm.  3-3  composites  were  poled  perpendicular  to  the  ceramic 
roads/mold  X-Y  plane  and  1-3  composites  were  poled  parallel  to  the  rod  length.  The 
electromechanical  properties  were  measured  after  aging  the  specimens  for  a  minimum  of  24 
hours.  The  capacitance  (Cp)  and  the  dielectric  loss  factor  ( tan  8)  were  measured,  before  and 
after  poling,  at  1kHz  using  a  RLC  digibridge  (Model  1689M,  Gen.  Rad.  Inc.,  Boston,  MA). 
The  d.33  coefficient  of  each  composite  was  measured  at  100  Hz  using  a  piezo  833  meter  (Model 
CPDT-3300,  Channel  Products  Inc.,  Cleveland,  OH).  The  composite  impedance  behavior 
versus  frequency  at  resonance  was  used  to  measure  the  series  and  parallel  resonant  frequencies. 
Using  these  values,  the  electromechanical  coupling  coefficients  were  calculated [9].  Scanning 
electron  microscope  (Model  1 400  SEM,  Amray  Corporation)  pictures  of  the  ceramic  structures 
were  taken  after  sputter  coating  them  with  gold. 

III.  Results  and  Discussion 

Various  composites  architectures  were  fabricated  using  both  direct  and  indirect  processing 
routes  and  three  of  them,  1-3,  3-D  honeycomb  and  3-3  ladder  structures  were  characterized. 

Ill  a.  Piezocomposites  Processed  via  Indirect  Processing  Route 

1-3  PZT  ceramic/polymer  composites  were  fabricated  via  the  indirect  processing  route. 
Molds  of  1”  X  1”  X  0.1”  were  created  using  Sanders  Prototype.  A  .stl  file  for  cross-hatch 
pattern  was  used  to  create  these  molds  with  a  road  width  of  100  pm  and  an  inter  road  gap  of 
150  to  350  pm.  Fig.  2a  shows  an  SEM  micrograph  of  the  mold  for  1-3  structure  fabricated  by 
Sanders  Prototype.  The  figure  shows  a  mold  wall  thickness  of  100  pm  and  an  inter  road  gap  of 
350  pm.  Sanders  prototype  uses  two  different  nozzles  to  deposit  build  and  support  materials 
and  a  milling  operation  to  adjust  the  layer  thickness.  During  fabrication  of  these  molds,  due  to 
milling  operation,  some  of  the  support  materials  went  inside  the  holes.  These  small  chips  of  the 
support  materials  can  also  be  observed  from  Fig.  2a.  Fig.  2b  shows  the  1-3  PZT  ceramic 
structure  processed  from  one  of  these  molds  via  lost  mold  technique.  The  rod  surfaces  are  not 
smooth  because  of  the  entrapment  of  the  support  materials  inside  the  holes.  The  figure  shows 
square  rods  of  300  pm  width  separated  by  gaps  of  70-90  pm.  Volume  fraction  of  PZT  ceramic 
(VPZT)  was  48%  for  this  1-3  composite.  Similar  structures  with  different  rod  widths,  spacings 
and  volume  fractions  of  ceramic  were  also  fabricated  using  these  molds.  Table  II  shows  the 
properties  of  these  composites  processed  via  SFF  techniques. 

Composites  with  various  novel  architectures  were  processed  via  Fused  Deposition.  A  “3-D 
honeycomb”  piezoelectric  ceramic/polymer  composite  structure  (3-3  connectivity)  was  one  of 
them.  Molds  for  3-D  honeycomb  structures  were  fabricated  using  Stratasys™  3-D  Modeler™. 
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Fig.  3a  shows  the  optical  micrograph  of  the  top  view  of  a  typical  mold  for  3-D  honeycomb 
structure  and  Fig.  3b  shows  an  SEM  micrograph  of  the  sintered  ceramic  structure  prior  to  epoxy 
infiltration.  The  PZT  ceramic  structure  is  a  honeycomb  structure  where  uniformly  spaced  holes 
are  connected  in  all  three  directions.  The  holes  were  created  when  the  sacrificial  polymer  was 
evaporated  during  heat  treatment.  The  volume  fraction  of  the  ceramic  phase  in  these  structures 
can  be  varied  by  changing  the  diameter  of  the  holes,  the  spacing  between  the  holes,  or  both  the 
hole  diameter  and  spacing.  Several  3-D  honeycomb  composites  were  fabricated  with  10  to  60 
volume  percent  PZT  (VPZT).  It  has  been  observed  that  as  the  volume  fraction  ceramic  increases, 
both  the  relative  dielectric  constant  K  and  the  piezoelectric  charge  coefficient  djj  increase[10]. 
Fabrication  of  3-3  composites  has  been  reported  earlier  via  the  replamine  and  BURPS 
processes [1 1-12].  Measurements  of  electromechanical  properties  of  3-D  honeycomb  structures 
processed  via  SFF  technique  show  superior  results  over  conventionally  processed  composites 
due  to  the  controlled  phase  periodicity  inherent  in  these  composites. 

Ill  b.  Piezocomposites  Processed  via  Direct  Processing  Route 

Piezoelectric  ceramic/polymer  composites  with  3-3  ladder  structures  were  processed  via 
direct  SFF  processing  by  FDC  and  their  electromechanical  properties  were  characterized. 
Composites  with  other  shapes  and  connectivities,  such  as,  c-ring  and  2-2  annular  structures, 
were  also  fabricated  via  direct  FDC.  Miyashita  et  al.[13]  first  reported  the  3-3  ladder 
connectivity  composites  made  by  stacking  fired  PZT  rods.  In  3-3  ladder  structure,  ceramic  rods 
are  placed  parallel  to  each  other  in  each  layer  and  perpendicular  to  each  other  in  every 
consecutive  layers.  Fig  4  shows  an  SEM  micrograph  of  a  typical  heat  treated  ceramic  ladder 
structure  prepared  by  the  direct  FDC  method  prior  to  epoxy  infiltration.  The  ladder  structures 
were  built  by  using  a  raster  fill  strategy  with  a  fixed  inter-road  spacing.  The  consecutive  layers 
were  built  90°  to  one  another.  Ladder  structures  with  various  orientations  other  than  90° 
between  consecutive  layers  were  also  built  using  this  technique.  It  can  be  observed  that 
ceramic  rods  with  -300  pm  diameter  are  uniformly  spaced  -250  pm  apart.  These  composites 
show  a  significantly  improved  electromechanical  properties  compared  to  the  conventionally 
processed  composites.  A  group  of  various  composites  processed  via  direct  and  indirect  SFF 
techniques  are  shown  in  Fig.  5.  At  present,  piezoelectric  actuators,  such  as,  moonie,  rainbow 
structures,  are  being  processed  via  direct  processing  routes  using  PZT  powder  loaded 
thermoplastic  filaments. 


Conclusions 

In  this  work,  the  solid  freeform  fabrication  (SFF)  techniques  such  as,  Fused  Deposition 
(FD)  and  Sanders  Prototype,  were  used  to  form  a  variety  of  piezoelectric  ceramic/polymer 
composites.  The  indirect  and  direct  methods  were  used  to  process  these  composites.  For  the 
indirect  method,  molds  were  made  by  both  SFF  techniques  and  then  infiltrated  with  a  PZT 
ceramic  slurry.  The  structures  were  dried  and  heat  treated  to  bum  the  mold  polymer  and  binder 
out  and  sintered  in  a  crucible  with  excess  lead.  For  the  direct  FDC  method,  filaments  of  PZT 
powder  loaded  in  a  thermoplastic  binder  were  used  for  direct  fabrication  of  ceramic  structures. 
Structures  were  heat  treated  to  bum  the  binder  out  and  sintered.  Sintered  structures  were  back 


269 


filled  with  desired  acoustic  epoxy,  cut,  polished  and  poled.  Electromechanical  properties  were 
evaluated  and  compared  with  conventionally  processed  composites.  Composites  processed  via 
SFF  techniques  showed  excellent  electromechanical  properties  for  transducer  applications. 
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Table  I :  Methods  for  making  piezolelectric  ceramic/polymer  composites.  [5] 


Processing  Technique 

Connectivity 

Ml | 

Kill 

Key  Limitations 

Pick  and  Place 

1-3 

IMtM 

Slow,  Breakage 

Dice  and  Fill 

2-2,  1-3 

>50 

Single  Phase,  Area 

2-2,  1-3,  3-1 

>40 

Mold  Cost 

Tape  Lamination 

2-2,  1-3 

>20 

Flatness 

1-3,  2-3,  3-3 

>20 

Fiber  Strength 

Lost  Mold 

2-2,  1-3,  3-1 

>50 

Mold  Cost 

Moonie 

3-0 

— 

Mass  Production 

Solid  Freeform  Fabrication 

1-3,  2-2,  3-3 

>50 

Mass  Production 

Direct  Route 


Mold  Infiltration 


PZT-  Polymer 
Composite 


Indirect  Route 


Fig.  1 :  Schematic  of  PZT/polymer  composite  fabrication  steps  using  direct  and  indirect  SFF 
techniques. 


Fig  2  :  (a)  SEM  micrograph  showing  a  top  view  of  a  polymer  mold  fabricated  by  the 
Sanders  Prototype. 

(b)  A  1-3  sintered  ceramic  structure  obtained  from  these  molds. 
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Table  II :  Electromechanical  properties  of  piezoelectric  composites  processed  via  SFF 
and  conventional  techniques. 


Composite  Type 

Vpzt 

(%) 

Ceramic 

Width(iiim) 

Polymer 

Width(|im) 

K 

d33 

(pC/N) 

kt 

(%) 

kp 

(%) 

3-D  Honeycomb 

28 

120 

320 

320 

290 

45 

25 

Ladder 

70 

300 

200 

1300 

290 

50 

30 

Ladder  Angular 
(15°) 

60 

250 

200 

1540 

370 

60 

23 

Sanders  1-3 

48 

300 

80 

970 

280 

66 

28 

(a)  ““ *  500pm  (b) 

Fig  3  :  (a)  Optical  photograph  showing  a  top  view  of  polymer  mold  made  by  FDM™. 


(b)  SEM  micrograph  of  a  sintered  3-D  honeycomb  structure  obtained  from  these 
molds. 


Fig  4  :  SEM  micrograph  of  a  3-3  ladder  Fig.  5  :  Photograph  of  polymer  molds  and 
stmcture  of  sintered  PZT  ceramic.  PZT  ceramic  parts  made  by  SFF  technique. 
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“Curved-Layer”  Laminated  Object  Manufacturing® 


Abstract 


Gaiy  Kalmanovich 
Helisys™  Inc. 


A  process  where  a  freeform  solid  object  is  built  by  bonding  cut  layers  of  material  together  is 
called  a  Laminated  Object  Manufacturing  process.  Until  today,  all  of  the  LOM  processes  utilized 
straight  forward  planar  cross-sections  of  the  intended  object  for  manufacturing.  The  “Curved- 
Layer”  project’s  objective  is  to  perform  the  LOM  manufacturing  process  on  a  non-planar  cross- 
section.  Thus,  the  layers  are  going  to  be  bonded  together  as  non-planar  surfaces  providing 
additional  strength  to  the  built  part  as  well  as  expedition  of  the  built  time  for  many  objects.  This 
project  entails  both  software  and  hardware  development  for  the  implementation  of  the 
manufacturing  process. 

1.  Introduction 

Laminated  Object  Manufacturing  (LOM™)  is  a  process  where  a  solid  freeform  object  is 
manufactured  with  lamination  of  cut  layers  of  sheet  material.  Until  today  all  of  the  (LOM) 
processes  have  been  implemented  using  straight  forward  lamination  of  material  cut  flatly  based  on 
planar  cross-sections.  The  “Curved-Layer”  project’s  objective  is  to  perform  the  LOM 
manufacturing  process  on  a  “curved,”  non-planar,  cross-section.  This  is  especially  useful  for  thin, 
non-flat  parts.  This  project  entails  numerous  approaches  and  techniques  that  are  not  currently 
available  commercially.  Consequently,  an  innovative  effort  is  required  to  perform  a  build  of  an 
LOM  part  on  a  non-planar  surface.  A  substantial  modification  of  the  conventional  (planar)  LOM 
process  is  necessary  in  both  software  and  hardware. 

2.  Planar  LOM  Process 

The  planar  process  for  laminated  object  manufacturing  has  been  utilized  by  Helisys  Inc.  for 
rapid  prototyping  for  some  time.  The  most  basic  description  of  the  process  can  be  provided  using 
a  cutting  and  bonding  cycle,  see  Figure  1 .  It  is  important  to  outline  the  main  stages  of  the  current 
process  in  order  to  better  understand  what  needs  to  be  done  for  the  “Curved-Layer”  project. 

a)  In  the  implementation  of  the  current  machine,  the  cutting  is  performed  using  a  plotter  system 
that  transports  a  mirror  and  a  focusing  lens  over  the  x-y  envelope  of  a  flat  cross-section  of  the 
part  corresponding  to  the  [  z  =  current  height  ]  plane.  Everything,  including  the  focusing  lens,  is 
fixed  on  the  x-y  plotting  mechanism  because  the  flat-layer  is  always  parallel  to  the  plotter’s 
operational  plane. 

b)  Once  a  layer  is  cut,  a  new,  virgin  layer  is  bonded  on  top  by  a  heater-roller.  Note,  the  material 
has  heat  sensitive  adhesive  on  the  bottom  side.  The  heater  roller  is  flat  in  the  y  direction  and  is 
designed  to  apply  equal  pressure  and  temperature  to  the  part  as  it  rolls  over  it. 


Laminated  object  manufacturing  is  a  registered  trademark  of  Helisys  Inc.  Torrance,  CA 
This  work  was  sponsored  in  part  by  a  grant  from  DARPA. 

™  LOM  and  Helisys  are  trademarks  used  by  Helisys  Inc.  Torrance,  CA 
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Laser  Cutting 


New  Layer  Bonding 


Figure  1  Planar  LOM  process 

c)  After  bonding,  the  height  of  the  part  is  measured  and  a  new  cross-section  is  computed  by 
intersecting  the  part  (.STL)  file  and  the  [  z  =  current  height  ]  plane.  After  all  the  segments  defined 
by  the  intersection  of  part  facets  with  the  height  plane  are  identified,  processing  such  as  ordering, 
cross-hatching,  beam-offset,  among  others  are  performed. 

d)  When  the  necessary  calculations  are  completed,  the  new 
material  is  cut,  thus  returning  to  the  beginning  of  the  cycle, 
i.e.,  return  to  a). 

The  current  planar  LOM  process  is  composed  of 
components  that  in  their  design  are  inherently  planar.  The 
laser  cutting,  due  to  variable  distance;  the  new  layer  bonding 
mechanism;  the  dependence  on  the  part  height  measurement, 
because  of  reliance  on  part  flatness;  the  planar  cross-section,  Figure  2  Roller  bonding 
among  all  of  the  other  2D  software  components;  and  all  the 
other  LOM  elements  need  to  be  rethought. 

3.  “Curved-Layer”  LOM  Process 

The  “Curved-Layer,”  non-planar  LOM  process  in  its  concept  is  almost  identical  to  the  regular, 
planar  LOM  process,  i.e.,  compare  Figure  3  to  Figure  1.  However,  the  two  processes  have  to  be 


Figure  3  "Curved-Layer”  LOM  process 


very  different  in  their  implementations.  In  this  section,  the  relevant  differences  and  their 
implications  for  both  hardware  and  software  are  discussed. 

3.1  Non-Planar  Base 

The  planar  LOM  process  uses  a  base  constructed  by  adding  flat  layers  of  material  to  the  metal 
platform.  Afterwards,  the  part  build  cycle  is  begun  on  top  of  the  base.  The  first  major  difference 
that  the  non-planar  LOM  process  requires  is  the  capability  to  form  a  base  for  the  “Curved-Layer” 
build,  see  Figure  4.  This  is  actually  an  intricate  problem  in  itself.  Many  circumstances  such  as 


Figure  4  "Curved-Layer"  base 

holes  in  the  original  object,  high  slopes,  and  etc.  may  prevent  the  implementation  of  a  non-planar 
part  build  because  their  presence  in  the  base  might  interfere  with  the  possibility  of  adding  new 
layers  of  material.  Therefore,  such  circumstances  need  to  be  eliminated  in  base  creation  itself. 
Thus,  the  software  for  such  base  generation  needs  to  have  intelligence  to  identify  and  address 
such  features.  Currently,  the  software  developed  uses  some  coarse  heuristic  approaches  to 
remove  the  undesired  extrusions,  etc.  However,  this  method  is  not  foolproof,  though  we  have 
been  able  to  create  satisfactory  bases  for  most  object  files  we  tried. 

Another  new  issue  that  exhibits  itself  is  the  base  alignment  issue.  Right  now,  we  create  the  base 
by  having  the  software  construct  a  .STL  file  for  this  base  and  consequently  building  the  base  from 
the  .STL  file  using  the  conventional,  planar,  LOM  process.  Because  the  base  is  created  separately, 
prior  to  the  non-planar  build  of  the  part,  the  base  needs  to  be  placed  in  perfect  alignment  with 
where  the  computer’s  representation  for  the  base 
perceives  it  to  be.  At  this  point,  we  do  not  think  it  to  be 
practical  to  add  new  and  very  involved  complexities  of 
designing  a  closed  loop  system  for  automatic  alignment. 

However,  a  manual  procedure  needs  to  be  worked  out  for 
performing  this  task. 

3.2  Non-Planar  Cross-Section 

In  order  to  identify  the  path  required  to  cut  on  the 
recently  bonded  layer  of  material,  we  need  to  intersect  the 
“Curved-Layer”  with  the  object,  i.e.,  identify  the  segments 

that  constitute  the  intersection  of  the  two,  see  Figure  5.  Figure  5  A  "Curved-Layer" 

intersecting  an  object  (cube) 
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The  mathematical  “Curved-Layer”  representation,  in  turn,  needs  to  be  a  very  accurate  depiction 
of  the  actual  top  layer  freeform.  For  planar  layers  the  height  measurement  is  taken  after  every  new 
layer  is  laminated.  Unfortunately,  for  non-planar  layers  there  is  a  different  height  at  every  point. 
Thus,  either  a  closed  loop  system  is  needed  to  measure  a  layer’s  profile  at  every  layer,  where  we 
will  gauge  the  height  at  every  point  on  the  layer,  or  this  can  be  accomplished  with  a  very  accurate 
open  loop  system,  where  the  height  at  every  point  will  be  approximated  with  a  mathematical 
model  as  the  part  grows.  Just  as  the  case  with  alignment,  because  a  measurement  system  would 
bring  in  considerable  extra  complexity  and  become  a  major  detraction  from  the  actual  problem  at 
hand  and  because  if  needed  this  feature  it  can  be  added  later,  we  decided  to  proceed  with  an  open 
loop  approach  at  this  time. 

3.2.1  Height  grid  representation 

We  looked  at  a  number  of  candidates  for  the 
model  to  represent  the  non-planar  layer.  After 
appreciable  consideration  we  decided  to  use  a  height 
grid  system.  In  this  system,  we  divide  the  xy-plane 
into  an  evenly  spaced  grid  and  store  the  height  (z) 
values  as  elements  of  this  grid,  see  Figure  6.  This 
approach  has  the  advantage  of  being  much  more 
elementary  than  most  of  the  other  models.  Also,  by 
using  this  model,  the  update  and  initial  values  for  the 

non-planar  layer  are  more  fundamental  and  can  be  obtained  using  more  tangible  methods. 


3.2.2  Initial  values 


The  initial  values  for  the  heights  are  first  obtained  by  intersecting  the  triangles  at  the  bottom  of 
the  object’s  .STL  file  with  the  vertical  lines  originating  at  the  bottom  of  the  grid,  see  Figure  6. 
Then,  “foreign”  values  for  the  heights  are  filtered  out  using  the  same  heuristic  approaches  that  are 
used  for  the  generation  of  the  non-planar  base  generation.  Note,  this  filter  and  the  filter  used  for 
base  generation  are  to  have  the  same  parameters  in  order  to  obtain  an  exact  correspondence 
between  the  top  layer  of  the  base  and  the  representation  for  the  first  layer. 

3.2.3  Update 

After  a  new  successive  layer  has  been  added  above  the  previous 
one,  a  new  “Curved-Layer”  representation  needs  to  be  obtained. 

This  new  layer  is  not  a  perfect  replica  of  the  old  layer.  Though,  it  jrjgurg  7  Part  growth 
should  be  a  “smoothened”  version  of  the  previous  layer,  see  Figure 

7.  Because  we  have  no  way  to  measure  these  new  heights,  an  open  loop  method  was  developed  to 
approximate  the  new,  updated  grid  heights  for  this  new  layer.  The  approach  chosen  for  this  case 
consists  of  taking  a  point  form  the  previous  grid  along  with  four  of  the  original  surrounding  points 
on  that  grid;  constructing  four  triangles  originating  from  our  desired  point;  lifting  each  of  the 
triangles  by  the  material  thickness  in  the  direction  of  their  respective  normal  vectors;  fitting  a 
curved  surface  tangent  in  desired  places  to  the  four  offset  triangles  (a  third  degree  polynomial  is 
used);  and  finally  taking  the  z-height  value  on  that  polynomial  at  the  desired  location  in  the  xy- 
plane,  see  Figure  8. 
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This  approach  for  updating  the  layer  representation  due  to  an 
addition  of  an  extra  layer  has  advantages  over  other  methods  we 
considered  because,  this  method  can  model  the  smoothing  that 
results  after  successive  addition  of  layers.  It  also  is  superior  to  a  3D 
triangle  based  format  of  modeling  curved  layers,  because  this  method 
does  not  grow  in  complexity.  For  this  method,  with  each  successive 
layer,  the  fineness  of  the  grid  remains  exactly  the  same  and  thus  the 
computational  complexity  is  not  increased,  unlike  most  of  the  other 
methods  we  considered  for  which  the  complexity  tends  to  grow  by  a 
factor  with  every  layer.  Moreover,  in  simple  tests  this  method  seems 
to  perform  very  well  in  modeling  the  build  growth  even  after  a  few 
hundred  layers. 


3.2.4  A  non-planar  cross-sectional  cut 

An  intersection  between  a  non-planar  layer  and  the  object 
representation  constitutes  a  non-planar  cross-section,  i.e.,  an  object’s 
periphery  along  which  we  would  need  to  cut,  see  Figure  5.  This 
intersection  consists  of  segments  that  correspond  to  facet  intersections, 
see  Figure  9. 

At  times,  the  facet  intersections  lead  to  hard  to  handle,  degenerate 
cases  of  triangle  intersections,  see  Figure  9(c,d).  These  occurrences  are 
numerically  very  unstable  and  lead  to  problems  with  extra  and  missing 
segments.  Though  for  planar  cross-sections,  these  cases  are  extremely 
rare  and  they  can  be  avoided  in  a  vast  majority  of  occurrences, 
unfortunately  for  non-planar  case,  this  is  much  more  likely  to  occur  and 
not  as  easy  to  avoid.  This  has  a  potential  to  be  a  major  problem  for  certain  parts. 


Figure  9  Facet  intersections 


3.2.5  Generalization  of  segment  handling  to  3D 

The  current  LOM  software  for  the  planar  process  contains 
many  routines  for  handling  and  utilizing  the  collections  of 
segments  in  two  dimensions,  i.e.,  sorting,  rearranging,  beam  offset, 
cross-hatching,  etc.  Most  of  these  routines  are  just  as  much  an 
absolute  necessity  for  curved  slicing  as  they  are  for  planar  slicing, 
e.g.,  arrangement  of  segments  into  continuous  loops.  Others,  such 
as  crosshatching  are  also  very  important.  And  finally,  features  such 
as  the  beam  offset  (to  account  for  the  thickness  of  the  beam)  are 
desirable  and  come  with  very  little  cost,  assuming  the  other 
components  are  incorporated. 

We  have  extended  the  segment  handling  capability  of  the  planar 
LOM  software  to  3D  almost  entirely,  see  Figure  10. 


Figure  10  Segment  handling 
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3.3  Non-Planar  Cutting  (Focusing) 

As  mentioned  earlier,  the  distance  from  the  focusing  lens  to  the 
cutting  surface  varies  for  “curved  layer”  cutting.  Because  the  plotter 
transporting  the  focusing  lens  is  a  2D  device  and  the  surface  is  no 
longer  flat,  the  cutting  surface  will  be  out  of  focus  if  the  cutting  is 
done  in  the  conventional,  planar  manner.  This  is  another  major 
difference  between  the  two  processes  that  need  to  be  addressed. 


3.3.1  Platform  compensation 


Figure  11  Non-planar  cutting 


One  approach  to  keep  the  laser  constantly  in  focus  is  to 
move  the  platform  supporting  the  part  to  compensate  for  the 
variability  in  height.  This  approach,  in  concept,  does  not 
require  any  hardware  changes.  Unfortunately,  in  practicality, 
this  is  not  true  because  the  currently  used  motion  control 
boards,  as  well  as  most  motion  control  boards  on  the  market,  u  p,atform  compensation 

do  not  support  circular  arc  motion  in  3D.  However,  it  is 

possible  to  implement  the  current  motion  using  the  current  hardware  if  we  stop  the  cutting  motion 
every  once  in  a  while  in  order  to  adjust  the  height,  see  Figure  12.  Nonetheless,  this  method  is  not 
the  most  practical  because  the  motions  of  the  platform  are  slow  and  are  not  always  smooth. 
Moreover,  the  jitters  resulting  from  platform  motion  can  interfere  with  cutting.  Redesign  of  the 
platform  system  is  costly,  time  consuming,  and  does  not  guarantee  a  satisfactory  result. 

3.3.2  Large  focal  distance  lens 

Another  method,  to  compensate  for  the  variable  part  height,  we 
are  considering  is  to  increase  the  focal  distance  of  the  lens,  i.e.,  the 
focus  region  is  extended  by  using  a  lens  that  focuses  the  beam 
further  from  itself,  see  Figure  13.  The  drawback  of  this  approach  is 
that  the  width  of  the  beam  at  the  focus  spot  is  not  as  tight  as  it  is 
with  the  original  lens.  As  a  result,  it  is  not  certain  that  we  will  be 
able  to  cut  the  material  with  this  new  lens.  At  this  time,  we  are 
making  the  necessary  hardware  changes  (to  the  lens  housing,  etc.) 


Figure  13  Large  focal  distance 
lens 


in  order  to  try  to  cut  with  it  at  real  time  speeds. 

3.3.3  Controlled  focal  distance 

Finally,  the  last  method  we  are  exploiting  for  this 
problem  is  the  possibility  of  moving  the  focusing  lens  up 
and  down  so  that  the  laser  is  kept  in  focus  on  the  cutting 
surface.  If  the  other  methods  are  found  not  satisfactory 
then  this  method  will  be  developed  fully.  The  only 
drawback  of  this  method  is  that  the  added  weight  of  the 
focusing  system  will  effect  the  balance  of  the  plotter. 


Figure  14  Controlled  focal  distance 


Thus,  the  plotter  might  have  to  be  modified. 
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Of  the  three,  this  method  is  the  most  general  with  the  fewest  drawbacks,  though  it  is  the 
hardest  to  implement  because  it  requires  a  mechanical,  an  electronic,  and  a  software  redesign 
effort. 

3.4  Non-Planar  Bonding 

The  bonding  issue  is  of  most  concern  to  us  and  is  the  issue 
that  seems  to  be  the  least  open  to  workable  solutions.  It  is 
not  completely  apparent  how  one  is  to  deliver  both  heat  and 
pressure  uniformly  to  a  loose  sheet  of  material  on  a  surface  of 
a  non-flat  object  so  as  to  achieve  smooth  bonding  with  no 
ripples.  Many  approaches  have  been  considered  and  rejected  F,gure  15  Bladder  bonding 
due  to  one  drawback  or  another.  We  are  still  considering  a  few  approaches,  but  are  in  the  design 
stages  for  only  one,  though  it  too  has  many  drawbacks. 

We  are  building  a  hot  rubber  bladder  bonding  mechanism.  The  bladder  is  to  be  filled  and 
pressurized  with  circulating  hot  air.  The  rubber  surface  (siliconized  rubber,  so  it  can  withstand 
high  temperatures)  comes  in  contact  with  the  part  by  raising  the  part  on  the  platform  into  the 
bladder.  A  previous  non-pressurized  prototype  has  produced  some  favorable  results. 

3.5  Sheet  Feeding 

Because  often  it  is  much  more  accommodating  to  produce  many  materials  in  sheets  as  opposed 
to  rolls,  especially  the  materials  we  are  considering  for  “Curved-Layer”  building,  the  idea  of  a 
sheet  feeder  for  the  material  is  being  considered.  (Thus  far  the  LOM  process  has  only  been 
implemented  with  rolls  of  LOM  material.)  However,  the  mechanical  design  of  such  a  mechanism 
would  require  an  almost  exact  knowledge  of  many  characteristics  of  the  material  in  question. 
Thus  far,  the  materials  to  be  utilized  are  only  being  developed.  Such  characteristics  as  stiffness, 
texture,  lamination  to  the  stack,  and  etc.  are  still  not  known.  Moreover,  if  the  material  is  too 
brittle,  not  stiff  enough,  or  sticks  to  the  stack  too  much,  it  might  not  be  possible  to  implement  a 
sheet  feeding  mechanism  at  all. 

4.  Summary 

The  “Curved-Layer”  project  to  modify  the  LOM  process  from  planar  to  non-planar  build 
necessitates  a  substantial  design  effort.  Many  issues  such  as  mechanical,  electrical  and  software 
need  to  be  addressed.  In  this  paper  we  discussed  our  progress  on  many  of  these  issues  and  what 
our  concerns  at  this  point  in  time  are.  Major  components  of  the  software  effort  have  either  been 
implemented  or  are  in  the  implementation  stages.  Though,  some  new  software  components  will  be 
necessary  when  certain  hardware  designs  are  finalized.  Also,  the  hardware  components  still 
necessitate  a  substantial  effort  in  their  design  and  implementation.  We  are  going  into 
uninvestigated  territory  and  experimentation  is  needed  before  a  final  satisfactory  product  can  be 
formed. 
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Abstract 


A  new  automated  fabrication  technology  is  described  which  breaks  the  fabrication  process  into  spatially  separate 
layer-formation  and  layer-bonding  stages.  The  technique  uses  sheet  material  on  a  substrate  as  feedstock  and  cuts 
cross-section  contours  into  the  material  before  conveying  the  material  on  the  substrate  to  a  stacking  station. 
Advantages  include  (a)  speed,  (b)  versatility  in  fabrication  materials,  and  (c)  ability  to  fabricate  hollows,  embed  or 
cast  secondary  materials,  and  selectively  enhance  or  degrade  material  properties  on  a  regional  basis. 

A  prototype  fabricator  has  been  built  which  automates  all  aspects  of  this  process  except  weeding.  Applications 
demonstrated  using  this  machine  include  traditional  rapid  prototyping  and  visualization-model  creation  as  well  as 
functional  machines  taking  advantage  of  embedding  and  cast-in-place  techniques. 


I.  Introduction 


The  current  commercial  paradigm  for  automated  fabrication  (autofab)  encompasses  layered  fabrication  of  plastic, 
paper,  metal,  or  ceramic  objects.  The  paradigm  consists  of  decomposition  of  a  3-D  object  into  2-D  cross  sections  and 
sequential  construction  of  each  cross  section  in  a  “form  in  place”  strategy.  In  a  form-in-place  technique,  successive 
layers  are  bonded  to  the  previous  layer  as  they  are  formed.  Each  of  the  devices  available  for  doing  this  has  unique 
advantages  and  disadvantages  which  allow  several  commercial  systems  to  compete  successfully  with  no  single 
system  dominating  all  applications. 

This  specialization  is  clearly  demonstrated  by  comparing  the  Sanders  thermoplastic  droplet  deposition  process  to 
the  laser  cut  paper  layering  process  of  Helisys.  The  Sanders  machine  can  produce  layers  as  thin  as  0.0004  inches 
which  allows  objects  to  be  constructed  with  surfaces  where  the  3-D  aliasing  (or  stair  step  effect)  is  greatly  reduced. 
This  process  is  excellent  for  producing  small  models  of  jewelry  or  similar  items.  The  Helisys  machine  would  have  a 
difficult  time  producing  these  objects,  and  would  require  hand  finishing  to  achieve  a  smooth  surface  finish.  However, 
the  Helisys  machine  is  capable  of  producing  models  up  to  32”  by  22”  by  20”  in  a  single  build.  The  Helisys  device  is 
capable  of  building  a  model  significantly  faster  than  the  Sanders  machine[l].  Since  the  Helisys  device  only  needs  to 
laser-cut  the  edges  of  each  cross  section  to  create  each  layer,  the  process  is  very  efficient  for  large  heavy-bodied 
objects,  but  not  as  useful  for  thin-walled  structures. 

To  date,  the  prototyped  objects  are  primarily  considered  models  since  their  material  properties  and  construction 
accuracy  do  not  generally  meet  the  capabilities  of  the  intended  production  system[2,3].  In  addition,  while  the 
construction  speed  varies  from  device  to  device,  the  current  commercial  systems  typically  cannot  build  at  a  rate 
much  higher  than  20  cubic  inches  per  hour.  The  machine  manufacturers  recognize  these  limitations  and  are 
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introducing  solutions  to  the  problems.  Many  of  the  commercial  systems  are  introducing  techniques  for  producing 
patterns  for  investment  casting  or  direct  production  of  tooling  for  injection  molding.  Achievable  tolerances  remain  in 
the  range  of  5  to  10  thousandths,  however,  which  limits  the  use  of  these  models  in  fine  tolerance  applications.  3D 
Systems  has  recently  introduced  a  thermoplastic  droplet  deposition  device  that  is  an  attempt  to  address  the  build 
speed  issue.  Their  Actua™  device  is  reported  to  be  less  accurate  than  their  stereolithography  machine,  but  faster. 

In  order  to  further  address  these  problems,  researchers  are  attempting  to  provide  a  larger  variety  of  construction 
materials.  They  are  attempting  to  work  with  metals  and  other  traditional  engineering  materials[4,5,6];  they  are 
attempting  to  work  with  multiple  materials  simultaneously [4, 6];  and  they  are  developing  much  faster  processes 
aimed  at  production  of  large  objects[7]. 


II.  Form-then-Bond  Fabrication 


The  work  discussed  in  this  paper  is  an  attempt  to  improve  the  speed  and  flexibility  of  autofab  processes  by 
stepping  outside  the  form-in-place  paradigm  to  a  “form-then-bond”  technique.  In  this  approach,  layers  of  an  object 
are  first  formed,  and  then  registered  and  bonded  together  as  separate  operations.  This  change  in  paradigm  produces 
devices  that  behave  differently  than  the  existing  systems,  with  these  differences  resulting  in  both  advantages  and 
disadvantages.  Physical  realization  of  this  process  has  been  shown  to  be  quite  inexpensive. 

An  inexpensive  manual  system  based  on  the  form-then-bond  approach  has  given  an  indication  of  it’s  potential.  JP 
System  5  Desk  Top  Rapid  Prototyping  offered  by  Schroff  Development  Corp.  of  Mission,  Kansas,  employs  an  off- 
the-shelf  cutting  plotter  along  with  custom  modeling  and  slice  generation  software  to  create  cross  sections  from  sheet 
materials  with  a  pressure-sensitive  adhesive  backing.  The  sheets  are  manually  weeded  of  excess  material  and  stacked 
after  cutting.  Although  weeding  and  stacking  each  sheet  can  be  tedious,  construction  of  many  objects  can  often 
proceed  quite  rapidly.  A  similar  system  was  briefly  offered  several  years  ago  by  the  Swedish  company,  Sparx  AB. 
Case  Western  University  and  CAM-LEM  Inc.  have  proposed  an  automated  form-then-bond  process  with  sheet 
handling  performed  by  a  robotic  system. 

Automating  a  form-then-bond  process  produces  added  potential  for  improved  build  speed.  The  form-in-place 
paradigm  requires  that  each  layer  be  bonded  and  formed  sequentially,  in  close  succession.  In  a  form-then-bond 
technique  this  is  not  required.  It  is  not  even  necessary  to  perform  both  operations  on  the  same  machine.  One  of  the 
anticipated  implementations  of  this  device  includes  one  or  more  cutters  that  produce  sheets  ready  for  stacking,  and 
one  or  more  stacking  devices  that  are  fed  a  collated  stack  of  construction  sheets  and  produce  the  registered  and 
bonded  object.  Using  this  arrangement,  the  two  processes  don’t  have  to  wait  on  each  other.  If  the  stacker  is  faster 
than  the  cutter,  one  stacker  could  service  several  cutters,  etc. 

This  potential  for  build  speed  increase  can  be  investigated  by  expressing  the  build  time  for  a  fabrication  process 
in  a  general  equation: 


T build  —  T nr,.  + 
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where  Tpre  is  preprocessing  time,  T,ayCrii)  is  the  creation  time  for  the  fth  layer,  and  Tpm,  is  the  post-processing  time. 
While  the  details  of  what  goes  on  during  the  pre-  and  post-processing  times  vary  from  process  to  process,  we  will 
focus  here  on  the  variation  in  7,^.  The  form  this  term  of  the  equation  takes  depends  on  the  specific  technique  used 
to  create  the  layers  of  the  object.  We  discuss  here  two  overlapping  classification  schemes:  1)  location  of  formation 
(form-in-place  and  form-then-bond)  and  2)  formation  technique  (volume  building,  periphery  cutting,  and  2-D  mask). 
Only  peripheiy  cutting  is  today  represented  both  in  form-in-place  devices,  in  which  case  it  is  called  a  “stack-first” 
process,  or  as  a  form-then-bond,  “cut-first,”  process.  For  example  stereolithography  is  a  form-in-place  volume¬ 
building  technique  that  creates  a  cross  section  by  sequential  curing  voxel  by  voxel;  Laminated  Object  Manufacturing 
is  a  form-in-place  periphery-cutting  (stack-first)  process;  Cubital’s  Solid  Ground  Curing  is  a  form-in-place  2-D  mask 
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process;  and  the  JP5  (as  well  as  the  Conveyed-Adherent  device  discussed  later  in  this  paper)  use  a  form-then-bond 
periphery-cutting  (cut-first)  process.  Each  layer  creation  scheme  has  a  unique  equation  for  calculating  Tjaye^  as 
shown  in  Table  1. 


Location  of 
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Formation 
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T  -  T  +  T 

layer  r  c 

Form  then 
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JP5,  Conveyed-Adherent 

TIayer(i)  =max|^',7;  j 

Table  1  Layer-creation  time  in  various  fabrication  processes.  In  the  equations,  Tr  represents  the  delay  time  between 
active  geometry  creation  for  each  layer  (e.g.,  recoating  time  for  stereolithography  or  layer  bonding  time  for 
LOM),  Ai  is  the  area  of  the  /th  cross  section,  C,  is  the  rth  cut  length,  v  is  the  cutting  or  laser-scanning 
velocity,  d  is  the  width  of  the  line  created  by  a  volume-building  process,  and  Tc  is  the  cure  time  in  a  2-D 
mask  process.  The  second  term  on  the  right-hand  side  of  each  equation  represents  the  time  required  for 
active  geometry  creation.  Note  that  for  a  form-then-bond  process  the  active  geometry  creation  and  the  delay 
time  (in  this  case  layer  registration  and  bonding)  occur  in  parallel. 

Using  the  equations  in  Table  1  with  constants  selected  for  convenience  (not  exactly  corresponding  to  any  real 
process),  the  qualitative  behavior  of  the  different  process  classes  can  be  investigated.  The  build  speed  as  a  function 
of  geometric  complexity  (e.g.,  thin  walled  vs.  thick  walled)  is  investigated  in  Fig.  1  using  a  simple  cube  that  is 
hollowed  into  a  rectangular  tube.  The  geometry  is  varied  by  changing  the  wall  thickness  of  the  tube,  and  the 
complexity  is  varied  by  adding  multiple  copies  to  the  build  volume.  For  this  geometry  the  area  of  each  layer  is  A=  102 
-  Ij2,  and  the  periphery  length  to  be  cut  is  C  =  410  +  41j.  Note  that  the  build  time  increases  for  a  volume-building 
process  as  the  wall  thickness  increases,  while  the  build  time  decreases  for  a  periphery-cutting  process  (since  the  total 


Wall  Thickness  (arbitrary  units) 


Fig.  1  An  example  of  how  build  time  for  the  several  types  of  fabrication 
processes  can  vary  with  respect  to  the  geometry  being  formed. 
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cut  length  decreases  with  increasing  wall  thickness  in  this  example).  The  2-D  mask  process  is  independent  of  the 
wall  thickness.  The  build  time  for  the  cut-first  (form-then-bond  periphery  cutting)  process  is  shifted  downward  since 
the  cutting  and  stacking  processes  run  in  parallel.  Note  that  the  build  time  becomes  independent  of  wall  thickness 
when  the  periphery  cutting  time  drops  below  the  register  and  stack  time. 


III.  Automating  Form-then-Bond  Fabrication 


Ennex  Fabrication  Technologies  has  automated  form-then-bond  fabrication  with  the  development  of  the 
Conveyed-Adherent™  process.  This  jump  to  full  automation  solves  the  difficulties  of  sheet  handling  and  stacking  and 
potentially  provides  significantly  improved  speed  and  convenience.  Automation  is  achieved  by  the  use  of  a  substrate 
to  carry  each  formed  layer  in  succession  to  be  stacked  and  bonded  to  the  previous  layers.  This  technique  has  the 
potential  to  address  many  concerns  in  the  fabricator  market  and  to  open  up  new  markets  previously  not  in  reach 
because  of  price.  A  schematic  of  the  process  is  shown  in  Fig.  2. 
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Fig.  2  The  two  stages  of  the  Conveyed-Adherent™  process,  layer  formation  on  the  left  and  layer  bonding  on  the 
right. 


Process  Overview 

The  basic  construction  material  required  by  the  Conveyed-Adherent  process  is  any  sheet  material  which  can  be 
cut  and  bonded  to  itself,  along  with  a  release  liner  or  backing  paper  referred  to  here  as  the  substrate.  A  2-D  plotting 
device  is  used  to  cut  the  outlines  of  cross  sections  of  the  desired  object  into  the  sheet  material  without  cutting 
through  the  substrate.  In  addition  to  the  outline  contours,  the  plotter  can  also  cut  parting  lines  and  outlines  for 
support  structures.  When  required,  the  sheet  is  then  “weeded”  to  remove  some  or  all  of  the  negative  material.  Finally 
the  material  is  inverted  so  that  the  substrate  is  facing  up  and  the  material  is  brought  into  contact  with  the  top  of  the 
growing  object,  and  bonded  to  it.  The  substrate  is  then  peeled  off  to  reveal  the  new  layer  just  added  and  a  fresh 
surface  ready  to  bond  to  the  next  layer.  The  process  is  started  by  applying  an  initial  layer  of  adhesive  on  a  stacking 
platform. 


The  Prototype  Genie™  Fabricator 

The  Conveyed-Adherent  process  has  been  implemented  in  the  laboratory  of  Ennex  Fabrication  Technologies  in  a 
working  prototype  called  the  Genie  fabricator,  named  for  the  mythical  creature  in  Arab  literature  which  could  grant 
its  owner  any  object  desired.  A  picture  of  the  machine,  with  a  model  of  an  automobile  it  has  built  placed  in  its  build 
area,  is  shown  in  Fig.  3. 
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The  prototype  Genie  fabricator  operates  automatically,  except  for  weeding,  with  processing  monitored  by  a 
variety  of  sensors.  Material  jams  and  other  machine  faults  are  detected  by  sensors  for  limits  of  travel  and  arrival  of 
material  at  each  station. 

The  prototype  Genie  fabricator  has  built  several  objects,  including  various  geometrical  and  automotive  models  in 
several  colors.  The  models  are  attractive,  although  they  suffer  from  problems  due  to  registration  errors  and  curl 
caused  by  internal  stresses  arising  in  the  process.  Research  is  underway  to  eliminate  these  problems  and  improve  the 
quality  of  output  of  the  fabricator.  An  example  object  made  is  shown  in  Fig.  4. 


Fig.  3.  The  prototype  Genie™  fabricator  in  the  Fig.  4.  Automobile  model  built  on  the  prototype  Genie  fabricator 
laboratory  of  Ennex  Fabrication  at  Ennex  Fabrication  Technologies.  The  car  measures  9V2 

Technologies.  by  3%  inches  by  3  inches  high.  (Model  data  courtesy 

Viewpoint  Datalabs  International) 


Materials 


Many  materials  have  been  tested  in  the  process,  including  label  paper,  adhesive-backed  foam  material,  and  sign 
maker’s  vinyl.  Objects  made  from  vinyl  or  paper  are  somewhat  flexible  due  to  the  flowability  of  their  pressure- 
sensitive  adhesive.  The  paper  material  can  be  made  more  rigid  by  coating  with  epoxy  or  glue.  The  foam  material  is 
used  to  build  patterns  for  investment  casting,  resulting  in  metal  objects.  Ceramic  and  metal  tapes  for  the  process  are 
under  development  by  Lone  Peak  Engineering.  Potentially  any  material  can  be  used  that  can  be  produced  as  a  sheet, 
cut  by  a  knife,  and  undergo  some  form  of  bonding  from  layer  to  layer. 


Plotting 

Layer  cross  sections  are  cut  using  a  cutting  plotter  designed  for  the  sign  making  industry.  These  plotters  are 
capable  of  high  dimensional  accuracy  with  knife  speeds  up  to  30  inches  per  second.  Cutting  plotters  accept  sheets  of 
various  widths  up  to  over  a  meter  wide  and  the  vertical  plotters,  as  opposed  to  bed  plotters,  have  no  limitation  to 
length  of  sheet  since  the  material  is  pulled  back  and  forth  through  the  machine.  These  machines  can  cut  a  wide 
variety  of  materials  including  the  ceramic  and  metal  tapes  mentioned  above,  as  well  as  very  thin  (less  than  a 
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thousandth  on  an  inch)  and  thick  (up  to  .035  inch  and  more)  materials.  The  knives  for  these  plotters  include  high 
precision  blades  as  well  as  cryogenically  treated  metal  blades  to  increase  knife  lifetime.  A  plotter  is  available  which 
has  a  knife  along  with  a  color  ink-jet  printer.  This  would  allow  color  to  be  incorporated  into  the  material  by  a  process 
proposed  by  Kinsie  [8].  In  the  prototype  Genie  fabricator,  plotting  is  performed  by  a  CAMM  I  cutting  plotter  made 
by  Roland  Digital  Group. 


Weeding 

Weeding  is  the  term  used  in  the  sign  making  industry  for  the  process  of  removing  the  unwanted  material  around 
the  letters  and  graphics  coming  from  a  sign  plotter.  To  our  knowledge  there  are  no  mechanical  weeders  available  that 
can  handle  weeding  of  general  complex  shapes.  These  complex  weeding  operations  are  currently  performed 
manually  using  tweezers  and  a  good  eye. 

A  mechanical  weeder  allows  one  to  overcome  some  of  the  limitations  of  stack-first  technology.  The  stack-first 
process,  in  its  current  realizations,  has  no  means  of  removing  negative  material  during  a  build  and  hence  produces 
output  of  a  solid  block  of  material.  This  requires  that  the  negative  material  complementary  to  the  object  be  “diced” 
by  a  cross-hatched  pattern  of  parting  lines,  which  add  considerably  to  the  process  time.  After  fabrication,  the 
negative  material  is  chiseled  away  to  reveal  the  finished  object.  Thus,  in  the  stack-first  process,  enclosed  voids 
cannot  be  made,  as  well  as  embedded  macro-composite  structures  and  colored  objects. 

The  engineering  of  a  weeder,  like  the  engineering  of  so  many  successful  artificial  intelligence  programs,  must  use 
tricks  and  overt  constraints  to  solve  a  less  general  problem.  Some  of  the  constraints  are  obvious,  such  as  that  the 
sheet  is  held  down  so  as  to  remain  a  2-D  problem,  and  extra  cuts  can  be  provided  to  reduce  difficult-to-weed  shapes 
into  smaller,  simpler  shapes.  Some  “tricks”  that  can  be  used  to  reduce  the  amount  of  mechanical  weeding  necessary 
are  discussed  below. 

One  trick  to  reduce  the  load  on  the  weeder  is  to  realize  that  most  of  the  negative  material  can  be  dealt  with  using 
a  few  well-placed  parting  lines,  so  that  the  object  can  be  easily  broken  out  of  its  block-like  enclosure  by  a  simple  turn 
of  the  wrist.  The  use  of  flexible  materials  makes  this  post-processing  step  particularly  simple  when  compared  to 
processes  producing  rigid  final  objects.  A  weeder  is  needed  only  in  small  regions  of  the  object  like  enclosed  voids  or 
close  approximations  thereof.  Therefore  the  weeder  may  be  operating  on  only  a  fraction  of  the  layers  of  an  object 
and  may  be  weeding  only  a  small  fraction  of  the  negative  space  even  on  those  layers. 

Another  trick,  called  substrate  weeding,  has  the  potential  to  drastically  reduce  the  work  load  of  the  weeder.  Each 
successive  layer  of  material  containing  the  cross  section  of  the  desired  object  as  well  as  its  negative  material  is 
pressed  on  top  of  the  growing  object.  If  there  is  a  void  space  below  a  section  of  the  negative  space  (i.e.  the  last  layer 
was  successfully  weeded)  this  section  will  have  nothing  to  adhere  to.  It  will  remain  on  the  substrate  and  be  tossed  out 
with  it.  Thus,  in  principle,  all  that  is  needed  to  prevent  growth  of  one  of  the  problem  negative  regions  is  to  weed  its 
first  layer.  All  subsequent  sections  will  find  no  section  below  them  to  adhere  to. 

The  actual  practice  of  this  powerful  technique  is  not  as  simple  as  the  above  description  may  imply.  There  are 
several  factors  that  limit  the  ease  with  which  substrate  weeding  can  be  used.  One  factor  is  overlap  of  negative 
material  onto  positive  material.  If  a  negative  region  grows  larger  with  the  height  of  the  object,  the  section  of  negative 
material  on  any  given  layer  will  find  at  least  a  small  ledge  below  it  on  which  to  adhere.  The  degree  to  which  this 
causes  a  problem  depends  on  how  large  the  ledge  is  and  on  the  relative  strength  of  adhesion  to  the  fabrication 
material  and  to  the  substrate.  Another  factor  is  cross-boundary  linking.  Unlike  a  laser,  a  knife  does  not  remove 
material  when  it  makes  a  cut  and  the  cut  material  has  a  tendency  to  self-heal.  The  linkage  between  already-cut 
sections  within  a  layer  is  relatively  weak,  but  can  overpower  lay-down  adhesion  for  a  small  region  whose  cut 
periphery  is  large  compared  to  its  area. 

The  prototype  Genie  fabricator  does  not  have  a  mechanical  weeder.  Layers  that  require  weeding  are  handled  by  a 
special  diverter  that  routes  material  to  a  station  where  it  can  be  weeded  manually.  Due  to  substrate  weeding,  the 
number  of  layers  on  which  this  must  be  performed  is  small. 
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Lay-Down,  and  Peel-Off 


The  cut  and  weeded  sheet  is  fed  to  a  lay-down  platen.  The  platen  aligns  the  new  sheet  with  the  growing  object 
and  applies  the  pressure  needed  to  bond  the  layers.  Several  designs  are  possible,  including  the  simple  roller  used  in 
the  Genie  fabricator,  as  well  as  arc-sections  of  rollers  with  much  gentler  slopes.  A  roller  platen  may  approach  the 
stack  from  the  side  or  it  may  “land”  on  the  stack  from  above.  One  problem  that  can  occur  is  the  formation  of 
bubbles,  trapped  pockets  of  air,  between  the  layers.  Research  at  Ennex  Fabrication  has  investigated  the  effect  of 
various  platen  configurations  on  bubble  formation  and  other  relevant  issues. 

After  the  material  is  laid  down,  the  substrate  must  then  be  peeled  off.  For  substrate  weeding  to  occur  there  are 
two  competing  forces  which  must  be  balanced  against  each  other.  As  described  in  the  weeding  section,  one  force  is 
the  adherence  of  the  material  to  the  last  layer,  and  the  other  force  is  the  adherence  of  the  material  to  the  substrate. 

The  process  must  ensure  that  no  positive  material  is  carried  away  by  accident  and  that  no  negative  material  needing 
weeding  is  accidentally  laid  down.  For  instance,  a  small  radius-of-curvature  peel-off  device  will  tend  to  favor  leaving 
negative  material. 


The  prototype  Genie  fabricator  uses  a  simplified  design  in  which  a  single  roller  performs  lay-down  and  peel-off 
simultaneously.  The  roller  lays  down  the  material  on  its  leading  edge  and  peels  off  the  substrate  at  its  trailing  edge. 
The  substrate,  along  with  any  substrate-weeded  sections  of  the  layer,  are  automatically  dropped  at  the  far  end  of  the 
roller's  travel.  The  roller  “lands”  on  the  stack  by  the  raising  of  the  stack  under  the  control  of  a  vertical  sensor.  Proper 
registration  has  been  one  of  the  difficulties  to  be  overcome  in  the  design  of  the  fabricator.  Table  2  documents  the 
improvement  in  layer  registration  that  has  been  realized  through  several  design  iterations.  Registration  values 
reported  are  estimated  values  for  registration  error  alone.  They  do  not  include  error  due  to  distortion,  etc.  The  values 
in  the  first  column  are  an  estimate  of  typical  registration  error,  ignoring  the  extreme  values.  Values  in  the  second 
column  represent  the  extreme  values  caused  by  machine  jams,  etc. 


Design  iteration 

avg.  error  (in) 

max.  error  (in) 

frequency 

1st  iteration 

0.015 

0.035 

50% 

2nd  iteration 

0.005 

0.035 

<10% 

3rd  iteration 

0.002 

0.020 

<1% 

Table  2  Registration  improvement  in  the  prototype  Genie  fabricator.  The  average  registration  error  of  the  prototype 
Genie  fabricator,  as  well  as  magnitude  and  frequency  of  maximum  registration  error,  has  been  reduced  with 
each  iteration  of  the  design. 


Data  Formats 


The  Genie  fabricator  accepts  a  special  layer-specification  data  format  which  includes  the  graphical  instructions 
for  each  cross  section  and  will  include  layer  headers  containing  information  about  weeding,  changing  of  feedstock 
material  (such  as  color),  and  process  pausing  for  manual  embedding  of  components  by  the  operator. 

A  special  feature  of  the  Genie  fabricator  is  the  ability  to  change  the  length  of  the  build  envelope  for  any  layer  in  a 
build.  This  length  is  also  specified  in  the  data  format. 
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IV.  Demonstrated  Applications 


Several  distinct  advantages  are  realized  in  the  form-then-bond  paradigm.  When  using  a  cut-sheet  process,  it  is 
possible  to  weed  the  negative  areas  of  each  construction  layer  before  stacking,  allowing  the  construction  of  hollow 
structures.  These  hollow  structures  can  be  filled  during  production  producing  cast  in  place  internal  structures. 
Objects  may  be  inserted  into  these  hollow  spaces  during  construction  producing  a  hybrid  of  fabricated  and  off-the- 
shelf  components.  Construction  sheets  of  different  materials  can  be  used  resulting  in  objects  built  of  several  different 
materials  in  a  single  build.  By  combining  the  ability  to  embed  components  in  voids  and  cast  plastic  into  voids  along 
with  cut  patterns  designed  to  weaken  the  material  selectively,  the  material  properties  within  an  object  can  be 
selectively  specified.  One  part  of  the  object  can  be  of  rigid  polyurethane,  another  bordering  it  can  be  of  greater 
flexibility  than  even  the  original  feed  stock  material.  These  techniques  are  demonstrated  in  the  fabricated  objects 
described  below. 


Embedded  and  Cast-in-Place  Car  Axles 

The  axles  of  two  car  models  built  in  the  Genie  fabricator  (e.g.,  see  Fig.  4)  serve  as  simple  examples  of  cast-in¬ 
place  and  embedding  techniques.  If  built  in  the  same  vinyl  used  for  the  bodies  of  the  cars,  the  axles  would  have 
sagged  under  the  weight  of  the  cars.  Instead,  voids  were  designed  into  the  car  bodies,  wheels,  and  support  material  to 
allow  casting  plastic  in  a  shape  which  would  look  like  an  axle  in  the  visible  portions  and  function  like  anchors  inside 
the  vinyl  wheels  and  body.  For  one  car,  the  axles  were  formed  of  polyurethane  resin  cast  into  the  voids  at  the  last 
layer  before  the  void  closed  during  the  build.  For  the  other,  steel  axles  were  embedded  in  place  with  plastic  extruded 
by  a  hot  glue  gun  cast  around  them  in  the  cavities.  Both  car  models  were  in  their  complete  form  when  the  last  layer 
was  put  down  on  the  machine. 


Robotic  Manipulators 

Fig.  5  shows  a  dual-link  robotic  manipulator  (or  robot  finger)  built  in  the  Genie  fabricator  with  cast-in-place  rigid 
plastic  stiffeners,  use  of  two  materials  to  provide  a  rigid  manipulator  frame  with  flexible  joints,  and  control  cables 
inserted  during  fabrication.  The  manipulator  is  designed  to  be  functional  at  completion  of  fabrication. 

The  dual-link,  four-degree-of-ffeedom  manipulator  demonstrates  embedding  of  wire  and  tubing  as  well  as 
casting-in-place  of  plastic.  More  importantly,  the  finger’s  design  necessitated  a  new  way  of  thinking  about  how  a 
fabricator  is  used.  Some  of  the  shapes  specified  in  the  CAD  file  correspond  to  actual  pieces  of  the  build  object  made 
in  the  fabrication  (vinyl  sheet)  material,  while  others  correspond  to  voids  and  walls  of  molds  to  hold  the  casting 
resin,  and  still  others  must  specify  supports  for  embedded  objects  before  the  casting  resin  locks  them  in  place.  This  is 


Fig.  5  Dual-link  robotic  manipulator  made  on  the  prototype  Genie  fabricator  at  Ennex  Fabrication  Technologies. 
Left:  CAD  design;  right:  photograph  of  fabricated  manipulator. 
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very  different  from  designing  a  monolithic  prototype  model  for  a  fabricator  to  build  where  only  support  structures 
need  be  specified.  This  has  some  of  the  flavor  of  designing  a  skyscraper  where  initial  framing  and  access  ways  for 
build  materials  and  construction  equipment  are  just  as  important  as  the  final  product  specifications.  This  will  become 
even  more  acute  when  more  and  more  of  the  embedding  and  casting  operation,  here  done  by  hand,  are  automated 
into  the  actual  fabricator  itself.  Then  the  fabricator’s  ability  to  make  arbitrarily  complex  monolithic  shapes  will 
provide  problem  constraints  in  the  form  of  voids,  supports,  and  fasteners  to  the  very  difficult  problem  of  automated 
assembly  itself. 

A  CAD  design,  shown  on  the  left  side  of  Fig.  5,  was  created  in  TriSpectives,  which  specified  the  vinyl  outer  body 
of  the  three  manipulator  segments.  A  hollow  cavity  was  specified  inside  each  segment  for  the  cast  plastic  “bones”.  A 
cylinder  of  6  mm  diameter  was  specified  to  run  down  the  long  axis  of  the  manipulator  to  hold  a  flexible  plastic  tube. 
This  tube  and  two  springs  fitting  tightly  around  it  hold  the  segments  together,  provide  flexible  joints,  and  in  the  final 
product  provide  a  tube  for  electrical  wiring,  etc.  Eight  smaller-diameter  cylinders  were  placed  radially  around  this 
central  tube  to  hold  metal  pull  cables  and  their  housings.  Holes  were  left  in  the  tops  of  the  segment  cavities  to  allow 
pouring  of  the  casting  resin.  The  resin  seeps  into  the  voids  left  in  each  segment  and  forms  the  bones  while  at  the 
same  time  locking  the  vinyl,  tube,  pull  wires,  and  joint  springs  in  place.  The  pull-wire  housing  provides  a  low  friction 
surface  for  the  wire  to  run  in  even  while  the  housing  itself  is  embedded  in  the  solidified  resin.  The  eight  pull  wire 
ends  are  terminated  in  the  solidified  resin  locking  them  in  place  such  that  when  one  pulls  the  free  end  of  the  wire 
exiting  the  last  segment  of  the  finger  the  corresponding  joint  bends. 

The  right  side  of  Fig.  5  shows  the  finished  finger  mounted  on  a  platform  and  connected  to  four  servo  motors 
allowing  computer  control  of  its  four  degrees  of  freedom.  Future  directions  include  embedding  the  servo  motors, 
along  with  rechargeable  batteries,  micro  controller,  pressure  and  strain  sensors,  and  associated  wiring  in  a  quadruped 
robot  with  legs  resembling  the  above  manipulator.  From  our  experience  with  the  above  manipulator  we  expect  this 
robot  to  be  very  durable.  It  will  be  completely  protected  from  the  elements  since  its  sensitive  components  are 
encased  in  a  homogenous  mass  of  solidified  resin  and  its  movable  joints  have  no  bearing  surfaces.  When  you  include 
the  fabricator’s  ability  to  provide  arbitrary  complexity  to  the  shape  of  the  outer  body  skin  we  see  that  this  is  a 
different  sort  of  robot  from  the  ones  built  in  most  research  labs  today. 

A  single-link  manipulator  was  built  on  the  JP5  fabricator  in  a  similar  fashion.  The  frame  for  this  manipulator  was 
produced  from  multiple  layers  of  paper;  the  hinge  was  constructed  from  four  layers  of  vinyl.  The  dual-material  build 
was  realized  by  weeding  an  interior  void  from  four  interior  layers  of  the  paper  and  producing  four  vinyl  construction 
sheets  that  contained  only  the  hinge  material.  To  construct  a  multiple-material  layer,  first  a  paper  layer  was  applied, 
then  the  vinyl  layer  was  laid  down  in  the  voids  of  the  paper  layer. 


Motor-Driven  Model  Car 


A  model  car  was  fabricated  with  interior  voids  for  embedded  devices.  In  this  example  the  solid  STL  file  was 
modified  by  adding  interior  voids  before  construction.  An  electric  motor,  cables,  battery  pack,  and  switch  were 
installed  as  the  layers  were  assembled.  After  the  last  layer  was  in  place,  the  switch  was  activated  and  the  model  car 
drove  across  the  room. 


V.  Conclusions 


The  Conveyed-Adherent  process  is  an  automated  “form-then-bond”  fabrication  technique  that  has  been 
demonstrated  in  the  production  of  engineering  prototypes  and  functioning  machines.  The  new  process  shows 
potential  to  be  many  times  faster  than  existing  devices.  It  has  demonstrated  fabrication  in  multiple  materials  side-by- 
side.  It  also  has  demonstrated  the  potential  to  produce  functioning  machines  through  the  use  of  embedded 
components  and  cast-in-place  internal  structures. 
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ABSTRACT 


The  Laminated  Object  Manufacturing  (LOM)  process  lends  itself  to  use  of  a  variety  of 
materials  that  can  be  delivered  in  sheet  format.  Studies  are  underway  to  investigate  the  use  of 
monolithic  and  fiber  reinforced  (composite)  ceramic  tapes.  The  laser  cutting  process  presents  a 
challenge  due  to  the  refractory,  properties  of  the  fibers  and,  in  some  cases,  their  high  thermal 
conductivity.  The  cw  CO2  laser’s  thermal  degradation  process  currently  used  is  not  suitable  for 
these  materials.  The  evaluation  of  potential  alternative  lasers  has  focused  on  pulsed  systems  that 
use  either  photoablation  together  with  thermal  processes  or  thermal  shock  with  thermal 
degradation.  We  will  describe  preliminary  results  achieved  in  our  study  of  the  photoablation 
process  using  a  copper- vapor  laser. 


INTRODUCTION 

As  the  technologies  for  solid  freeform  fabrication  (SFF)  mature,  the  new  development 
emphasis  is  shifting  from  hardware  to  materials  and  applications.  A  major  goal  is  the 
development  of  engineering  materials  which  can  be  processed  by  SFF  systems  to  develop 
mechanical  properties  equivalent  to  those  derived  from  standard  mass-production  methods.  This 
goal  is  being  achieved  on  a  limited  scope  and  new  materials  are  being  developed.  Another  goal 
is  the  development  of  technologies  that  permit  freeform  fabrication  using  materials  which 
traditionally  require  molds.  This  would  eliminate  the  long  delays  and  large  expense  associated 
with  the  production  and  testing  of  new  parts  made  from  these  materials. 

Objects  fabricated  from  ceramics  are  desirable  for  many  reasons,  including  their  thermal 
properties  and  abrasion  resistance.  Production  of  ceramic  parts  traditionally  requires  the  use  of 
molds  for  casting  the  green  part.  Typically,  the  density  of  ceramic  in  the  green  part  is  on  the 
order  of  50%  so  the  densification  stage  is  accompanied  by  significant  shrinkage  and  associated 
dimensional  distortion.  The  result  is  that  several  iterations  are  usually  required  in  order  to 
approach  the  desired  net  shape  after  firing.  Production  of  the  initial  molds  and  their  subsequent 
modification  during  iterative  development  is  time  consuming  and  prohibitively  expensive  for 
consumer  applications.  Consequently,  the  use  of  ceramic  parts  has  been  limited  to  high  value 
applications,  such  as  military  and  aerospace,  and  to  consumer  applications  having  simple 
geometry  and  without  stringent  dimensional  requirement,  since  few,  if  any,  iterations  would  be 
required. 


This  program  is  sponsored  by  DARPA  under  Contract  No.  N0001 14-95-1-0059,  administered  by  ONR. 
’  Author  to  whom  correspondence  should  be  addressed. 
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Realizing  that  development  cost  and  time  were  limiting  factors  to  the  use  of  ceramic 
materials,  DARPA  initiated  programs  to  develop  new  concepts  for  SFF  production  of  ceramic 
materials.  Particular  interest  focused  on  high-performance  ceramics  (non-oxide)  and  fiber- 
reinforced  ceramic  matrix  composites  (CMC).  Laminated  Object  Manufacturing  (LOM)1  is 
particularly  suited  to  the  implementation  of  fiber-reinforced  CMCs.  The  material  is  delivered  to 
the  build  chamber  in  tape  or  sheet  format,  which  permits  fabrication  of  parts  with  traditional 
unidirectional  or  multidirectional  fiber  placements.  The  LOM  process  was  developed  using  a  cw 
CO2  laser  to  cut  the  material  layers  (initially  paper  based).  While  this  laser  is  suitable  for  cutting 
materials  which  can  be  thermally  degraded  (selectively  burned),  it  proved  to  be  unsuitable  for  use 
on  the  high-performance  CMCs.  Either  the  melt  temperature  of  the  fibers  was  too  high  to  be 
reached  under  reasonable  laser  illumination  (laser  power  and  exposure  time),  or  the  heat 
conductivity  of  the  fibers  was  so  high  that  the  thermal  energy  was  quickly  transported  away  from 
the  interaction  zone  and  degraded  the  surrounding  material  (or  both). 

One  aspect  of  the  current  development  program  is  the  investigation  of  alternative  laser 
sources  for  use  in  cutting  the  layers  of  CMC.  This  paper  will  focus  on  the  results  obtained  using 
a  copper-vapor  laser  -  a  high  pulsed  repetition  frequency  (PRF),  medium-power,  metal-vapor 
laser  that  can  be  tuned  to  operate  in  the  green  (5 1  lnm).  The  paper  will  show  that  the  PRF  can  be 
the  limiting  factor  for  cutting  speed,  so  this  laser  presents  a  good  test  bed  to  evaluate  the  LOM 
process.  Pulsed  Nd  lasers  converted  to  the  visible  or  UV  (frequency  doubled  [532nm],  tripled 
[355nm],  or  quadrupled  [266nm])  present  intriguing  alternatives,  and  their  application  is  being 
studied.  Preliminary  results  will  be  shown  for  comparison. 

EXPERIMENTAL  SIMULATOR 

A  table-top  LOM  (TTLOM)  system  was  constructed  to  simulate  fabrication  with  the 
commercial  hardware  and  provide  ready  access  to  all  components  of  both  hardware  and  software. 
The  system,  Figure  1,  is  stabilized  by  tying  all  components  to  an  optical  table  and  a  rigid  build 
platform.  Material  is  fed  by  hand  into  the  build  stage,  permitting  the  use  of  limited  supplies  of 
the  materials  under  development.  The  LOM  process2  cuts  out  the  periphery  of  the  part  layer  by 
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layer,  by  moving  the  focused  laser  spot  across  the  material  layer  via  an  X-Y  table  under  computer 
control.  In  the  TTLOM,  the  X-Y  table  provides  a  working  space  of  20”x20”  and  a  positioning 
accuracy  better  than  0.001”.  The  material  is  introduced  into  the  build  chamber  by  rolling  out  the 
build  stage  (roller  bearing  and  precision  rail  support),  removing  a  sheet  of  material  from  beneath 
the  build  platform  and  attaching  it  to  the  top  of  the  construction  material  on  top  of  the  build 
platform  (thus  maintaining  the  top  layer  at  the  same  height),  and  then  sliding  the  platform  back 
until  it  contacts  the  fixed  stops  which  accurately  registers  it  under  the  X-Y  table. 

The  copper-vapor  laser  was  custom  designed  for  this  study3  using  an  unstable  resonator  to 
provide  higher  energy  per  pulse  and  better  beam  quality  than  would  be  achieved  using  standard 
stable  resonator  configurations.  Prior  studies  of  laser-material  interactions  indicated  that 
deposition  fluence  would  be  a  critical  parameter.  Thus,  it  was  important  to  develop  a  high  beam 
quality  so  that  the  beam  could  be  tightly  focused.  The  output  beam  has  a  flat  intensity  profile, 
18mm  nominal  diameter,  and  a  divergence  of  0.3mrad?.  The  beam  is  focused  with  a  100mm  lens 
and  the  focused  spot  is  characterized,  using  a  scanning  knife-edge,  in  X  and  Y  (Figure  2).  Note 
the  hot-spot  85pm  from  the  center  in  the  X  profile.  This  hot-spot  does  not  emerge  from  within 
the  beam  until  near  the  focus,  so  it  is  difficult  to  remove  by  spatial  filtering.  It  is  thought  to 
result  from  the  geometry  of  the  unstable  cavity. 


0  100  200  300  400 

Y  (pm) 

Figure  2.  Copper-vapor  laser  profiles  at  the  focal  spot. 


The  laser’s  maximum  power  is  20W  at  8  kpps  (20ns  pulse),  delivering  2.5mJ  per  pulse  to  the 
material.  The  laser  focus  spot  is  an  oval  with  axes  of  80pm  x  100pm,  yielding  a  peak  deposited 
fluence  of  4xl09W/cm2.  Two  types  of  experiments  are  initially  performed  when  testing  a 
material.  The  material  removal  rate  is  determined  as  a  function  of  the  energy  per  pulse  and  the 
residual  material,  in  the  vicinity  of  the  cut,  is  studied  as  a  function  of  the  energy  deposited  per 
pass.  The  first  study  establishes  the  threshold  for  material  removal4  which  determines  the 
optimal  cutting  rate.  The  second  study  determines  the  depth  of  material  removal  per  pass  that  is 
possible  without  damaging  the  material.  Successive  passes  are  required  to  cut  through  the  full 
layer. 


The  copper- vapor  laser  is  a  discharge  heated  system,  best  operated  at  full  rated  power.  In 
order  to  characterize  the  dependence  of  material  removal  vs.  fluence,  a  set  of  custom  neutral 
density  (ND)  filters  is  needed  (standard  ND  filters  are  destroyed  under  exposure  to  this  laser). 


*  Note:  This  is  a  metal  vapor  laser  so  it  is  subject  to  beam  degradation  as  the  metal  is  redeposited  within  the  laser 
cavity  [the  same  as  the  HeCd  laser  used  in  stereolithography]. 
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The  filters,  inserted  in  the  optical  path  at  the  laser  head,  are  made  from  screen  mesh  and  they 
scatter  the  beam.  As  a  result,  the  laser  spot  broadens,  requiring  that  the  focus  be  remeasured 
under  each  operating  condition. 

The  material  removal  rate  per  scan  is  varied  by  controlling  the  scanning  speed  of  the  X-Y 
table,  since  the  speed  determines  the  overlap  of  the  laser  spots.  Overlap  reduction  is  achieved  by 
increasing  the  scanning  rate.  Retracing  does  not  impact  the  ultimate  through-cut  rate  which  is 
only  a  function  of  the  laser-material  interaction,  as  long  as  there  is  no  overhead  time  associated 
with  retracing.  Studies  were  made  at  different  scanning  speeds  and  the  slowest  speed,  with  no 
material  damage,  was  selected.  Studies  of  the  cut  depth  as  a  function  of  the  number  of  scans 
were  made  to  investigate  potential  beam  guiding  effects  and  material  damage  from  cumulative 
buildup. 

Two  materials  were  investigated.  The  first  is  a  tape  composed  of  SiC  particles  and  chopped 
Nicalon  fibers.  The  material  is  held  together  with  a  polymer  binder.  The  solids  loading  is  65%  - 
70%  by  volume.  This  materia]  was  formulated  to  provide  high  ceramic  volume  density  so  that 
the  part  dimensions  will  remain  stable  when  the  binder  is  burned  out.  The  second  material  was 
developed  from  a  Nicalon  tow,  with  the  continuous  fibers  distributed  into  a  quasi-uniform  sheet. 
The  material  was  held  together  with  a  sparse  application  of  polymer  binder.  This  material  was 
developed  using  a  novel  concept  for  implementing  fiber  reinforcement  and  is  the  most 
challenging  material  for  the  laser  cutting  applications. 

MATERIAL  REMOVAL 


Single  Pass  (vary  Fluence) 

Material  removal  processes  have  been  studied  in  a  variety  of  operating  conditions. 
Srinivasan4,5  has  performed  considerable  analyses  of  laser-material  interactions  in  the  UV  using 
excimer  laser  sources.  These  studies  provided  the  initial  motivation  for  the  studies  reported  here. 
While  the  excimer  laser  has  the  desirable  property  of  operating  in  the  deep  UV  (less  than  200nm, 
depending  on  gas  used),  it  can  only  be  used  as  a  flood  source,  since  it  requires  an  exposure 
pattern  mask  to  define  the  illumination  pattern.  It  is  not  suitable  for  use  as  a  focused  spot  to  be 
scanned  in  an  arbitrary  profile  that  changes  from  layer  to  layer.  The  copper  vapor  laser  can  be 
focused  and  it  has  a  high  PRF,  but  it  operates  in  the  visible  (5 1  lnm,  578nm).  Srinivasan’s4 
results  using  XeCl  (308nm)  showed  material  effects  similar  to  his  deep  UV  studies  (173nm  and 
193nm),  indicating  that  it  might  be  possible  to  extend  this  mode  of  interaction  into  the  visible. 
The  results  indicate  that  the  laser  is  absorbed  according  to  a  traditional  Beers’  law  profile.  This 
model  should  apply  as  long  as  the  laser  pulse  is  shorter  than  the  time  needed  for  the  effluent 
plume  to  be  developed.  Otherwise,  the  laser  would  get  absorbed  away  from  the  surface,  heating 
the  plume  and  potentially  damaging  the  bulk  material.  Results  of  our  study  on  the  Nicalon  tape 
are  shown  in  Figure  3. 

In  fixed  energy  per  pulse  systems  like  the  copper-vapor  laser,  the  existence  of  a  threshold 
fluence  (FTh)  for  material  removal  establishes  an  optimum  fluence  for  the  cutting  process.  In 
operation,  this  optimal  exposure  is  achieved  by  selecting  the  focusing  lens  to  provide  the 
calculated  focal  spot  diameter.  The  maximum  cutting  rate  can  be  shown  to  occur  when 
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F  =  7.4(Fth).  (1) 

Satisfying  (1)  impacts  the  choice 
of  laser  operating  conditions.  In 
typical  SFF  applications,  such  as 
LOM,  it  is  desired  to  maintain  a 
kerf  on  the  order  of  200pm.  This 
fixes  the  illumination  area.  If  the 
system  is  to  be  operated  at 
optimum  fluence,  the  energy  per 
pulse  is  then  also  determined.  If 
the  laser’s  operational  envelope 
is  only  limited  by  average  power, 
then  the  optimum  operating 
condition  will  occur  when  the 
PRF  is  adjusted  so  that  the  energy 
per  pulse  is  that  determined  using 
Eq.  (1).  For  the  Nicalon  tape  used  in  this  study  the  threshold  fluence  is  about  1  J/cm2.  Eq.  (1) 
determines  that  optimum  cutting  will  occur  when  the  laser  pulse  delivers  2.3mJ  into  the  200pm 
focus.  For  most  lasers,  it  is  not  possible  to  vary  the  PRF  and  change  the  energy  per  pulse  while 
maintaining  the  average  power.  Currently,  Nd  lasers  are  limited  to  PRFs  on  the  order  of  lOOpps 
by  system  considerations  (heating)  and  the  energy  per  pulse  can  exceed  the  optimum  described 
above.  The  excess  energy  will  then  couple  into  the  material,  degrading  the  cut  quality.  (Figure  4) 
Energy  per  pulse  reduction  is  only  achieved  at  the  expense  of  laser  performance.  Further  laser 
development  is  required  to  provide  a  range  of  operating  parameters  allowing  selection  of  the  best 
laser  for  the  application.  The  energy  per  pulse  of  the  copper-vapor  laser  is  about  the  desired  level 
and  its  high  PRF  results  in  faster  cutting  for  the  materials  used  in  this  program. 

Multiple  Pass  (vary  Overlap) 

Preliminary  studies  were  made 
with  the  Nicalon  tapes.  The  cut 
surface  was  examined  for  a  recast 
layer  or  other  indications  of 
damage  to  the  material.  It  is 
important  that  the  cut  surface 
present  open  porosity  after  binder 
burnout  so  the  part  can  be 
infiltrated.  The  edge  surface, 

Figure  5,  shows  a  clean  cut  with 
ceramic  powder,  binder,  and  fibers 
clearly  evident,  indicating  no 
thermal  damage  to  the  edge. 


Figure  4.  Laser  cut  profiles  for  different  laser  operating 
conditions,  (a)  Copper-vapor  laser  -  1.8mJ  per 
pulse  at  51  lnm  (14W,  8kpps,  20ns,  5  overlap,  7 
pass),  (b)  Nd:YAG  tripled  -  25mJ  per  pulse  at 
355nm  (0.5W,  20pps,  3ns,  2  overlap,  3  pass). 


Figure  3.  Material  removal  depth  as  a  function  of  the  laser 
fluence.  (The  line  serves  only  as  a  guide.) 
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Figure  5.  Cut  edge  of  Nicalon  tape  by  copper- 
vapor  laser,  1.75mJ  per  pulse,  5 
pulse  overlap,  1 1  passes.  Tape  is 
about  350fim  thick. 

Nd:YAG  laser  were  performed  and  the  data  is  i 


The  copper-vapor  laser  was  used  to  cut  the 
Nicalon  tape  and  the  fibers  derived  from  the 
tow  (16  spot  overlap).  Scanning  electron 
microscope  (SEM)  pictures  of  the  cut  profile 
(Figures  6a,  b,  c)  were  used  to  study  the 
linearity  of  the  material  removal  under  multiple 
rescanning.  Figure  7  shows  initial  linearity  but 
as  the  depth  increases  there  is  evidence  that 
another  phenomena  is  occurring  which  blocks 
the  laser’s  direct  access  to  the  material.  This 
occurs  at  depths  approaching  400|im  when  the 
laser  kerf  is  about  80p.m,  indicating  that  there 
may  be  a  maximum  aspect  ratio  of  about  5:1 
for  clean  cuts.  Another  series  of  studies  was 
made  on  Nicalon  fibers  spread  into  a  tape  from 
a  tow.  Preliminary  results  show  successful 
laser  cutting  (Figure  8).  Experiments  using  a 
ier  study.  Preliminary  results  show  that 


deposition  of  too  much  energy  per  pulse  damages  the  material,  just  as  seen  in  Figure  4  with  the 


tape. 


Figure  6.  Multiple  pass  material  removal,  copper-vapor  laser  and  Nicalon  tape,  (a)  4  passes,  (b) 
7  passes,  (c)  10  passes.  Laser  kerf  is  about  80  (im. 
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Figure  7.  Material  removal  rate  (Nicalon  fiber) 
as  a  function  of  total  fluence 


deposited  for  the  copper  vapor  laser.  Figure  8  Copper-vapor  laser 

(The  line  is  only  a  visual  guide.)  penetration  of  Nicalon  fibers. 

Median  kerf  is  80pm  and 
fiber  diameter  is  about  10pm. 
(51  lnm,  14W,  8kpps,  20ns,  5 
overlap,  13  pass) 


Preliminary  results  using  the  frequency  multiplied  Nd:YAG  indicate  there  is  a  difference  in 
the  interaction  of  the  Nd  laser  and  the  copper-vapor  laser  (Figure  9).  The  principal  difference  in 
the  operating  conditions  is  that  pulse  length  of  the  Nd  is  3ns  versus  the  20ns  of  the  copper-vapor. 

The  Nd  laser  focal  spot  has  not  yet 
been  fully  characterized  so  the 
observed  differences  in  the  rate  of 
ablation  cannot  be  attributed  at  this 
time.  The  computed  fluences  were 
based  on  the  optical  system 
parameters,  assuming  a  diffraction 
limited  focus.  The  measured  kerf 
was  in  agreement  with  the 
assumptions. 

CONCLUSIONS 

A  copper-vapor  laser 
successfully  cut  through  fiber 
reinforced  ceramic  tapes  and  tapes 
composed  entirely  of  ceramic  fibers. 
The  operating  performance  of  the 
copper-vapor  laser  is  closely 
matched  to  the  desired  parameters 


Total  Fluence  (J/cm2) 

Figure  9,  Observed  depth  of  material  removal  as  a 
function  of  laser  fluence.  Graph  compares 
measurements  of  copper-vapor  and  frequency- 
converted  Nd. 
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for  optimal  performance  with  the  materials  used.  Comparative  studies  of  material  removal  rate 
using  a  frequency  converted  Nd  laser  indicate  that  the  material  interaction  is  dependent  on  both 
wavelength  and  pulse  length.  The  laser-material  interaction  has  not  been  conclusively 
determined  and  further  studies  are  needed. 
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ABSTRACT 

Rapid  prototyping  is  a  highly  flexible  manufacturing  technology  which  can  produce  big  or 
complex  parts  without  any  special  fixtures  and  tools.  But  it  is  often  a  costly  and  time  consuming 
process  to  produce  big  and  complex  parts.  To  solve  this  problem,  this  paper  proposes  the  make¬ 
up  fabrication  process.  The  process  cuts  the  CAD  models  of  big  or  complex  parts  into  several 
small  components,  optimizes  the  building  orientation  and  the  layout  of  the  multiple  objects  and 
then  uses  the  SLA  process  to  build.  The  paper  discusses  the  basic  process,  the  discretion  rules  of 
the  CAD  models  and  the  optimization  of  the  layout  of  multiple  objects  in  the  simultaneous 
building. 


Introduction 


Rapid  prototyping  has  brought  new  thoughts  into  the  manufacturing  engineering.  It  is  a  highly 
flexible  manufacturing  technology  which  can  produce  complex  parts  without  any  special  fixtures 
and  tools.  By  using  discretion-accumulation  shaping  principle!  1],  rapid  prototyping  technology  is 
totally  different  from  traditional  forcing  (e.g.  moulding  or  forming)  and  removing  (e.g.  milling  or 
turning)  manufacturing  processes.  The  process  has  the  following  characteristics: 

•  Manufacturability  is  independent  of  the  complexity  of  the  parts; 

•  Manufacturing  cost  is  independent  of  the  batch  of  the  parts. 

This  means  that  when  changing  the  shapes,  batches,  and  processing  requirements  of  the  parts, 
there  is  no  need  to  re-design  and  re-manufacture  the  special  tools.  By  modifying  the  CAD  models 
and  adjusting  the  process  parameters,  the  new  parts  can  be  built  quickly. 

Although  the  history  of  rapid  prototyping  is  short,  the  development  of  this  technology  is  very 
fast.  According  to  the  present  status  of  the  rapid  prototyping  techniques,  there  are  still  many 
aspects  to  be  improved.  For  example,  most  RP  machines  cannot  build  big  parts,  the  processing 
accuracy  cannot  meet  the  industrial  requirements,  the  processing  time  is  very  long,  and  the 
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processing  cost  is  still  very  high.  To  solve  these  problems,  this  paper  proposes  the  make-up 
fabrication  process.  Make-up  fabrication  process  [2]  means  that  cut  the  CAD  models  of  the  big  or 
complex  parts  into  several  simpler  or  smaller  components  according  to  their  geometrical  features 
before  building  the  part,  optimize  the  building  orientation,  generate  support  structures,  optimize 
the  space  layout,  and  then  build  the  physical  models  by  the  traditional  RP  processes. 

The  Basic  Steps  and  Advantages  of  the  Make-up  Fabrication 

From  the  application  point  of  view,  it  is  feasible  to  build  big  or  complex  parts  using  the  make¬ 
up  method  with  this  technique.  The  basic  steps  are  shown  in  Figure  1.  The  following  briefly 
describes  this  process. 

Construction  of  the  CAD  model 

The  construction  of  the  CAD  model  can  be  achieved  using  a  CAD  software  or  by  reverse 
engineering  using  digitizing  methods.  This  procedure  is  not  different  from  the  routine  design;  it 
provides  a  data  model  for  further  processing. 

Discretion  of  the  big  or  complex  parts 

Discretion  means  to  cut  the  complex  or  big  parts  into  several  simpler  and  smaller  pieces  for 
convenient  building  in  the  fabrication  process.  For  the  maximum  use  of  the  SLA  technique,  the 
cutting  principles  of  the  CAD  models  are  to  simplify  the  complex  or  big  parts  into  simpler  and 
smaller  ones  that  can  be  easily  handled.  This  can  be  done  according  to  the  geometric  feature  and 
characteristics.  The  discretes  should  utilize  planar  surfaces  as  much  as  possible.  The  number  of 
cutting  surfaces  can  be  one,  two,  three  or  even  more. 


Fig  1  The  make-up  fabrication  process 

Optimization  of  the  building  orientation 

Building  orientation  can  greatly  affect  the  final  processing  accuracy  of  the  parts.  It  is  very 
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important  to  choose  an  optimal  orientation  for  part  building.  Factors  must  be  considered  in  this 
step  including  accuracy,  building  time,  and  support  generation,  etc.  After  these  factors  are 
examined,  the  final  orientation  is  determined  for  the  building  process. 

Support  generation 

After  the  optimal  orientation  has  been  chosen,  the  support  will  be  generated  for  the  subsequent 
operations.  Because  of  the  simplification  of  discrete,  the  support  structure  can  be  more  easily 
constructed.  This  step  can  be  achieved  by  the  existing  RP  software. 

Layout  optimization  and  merging 

After  all  the  necessary  supports  have  been  generated,  the  components  of  the  parts  must  be 
merged  to  form  a  single  model  file.  In  such  case,  the  effective  use  of  the  building  space  is  very 
important.  The  layout  of  the  components  should  consider  2D  and  3D  cases  to  achieve  a  good  use 
of  the  building  space. 

Slicing  and  building 

In  this  stage.  3D  models  will  be  sliced  into  2D  cross-sectional  contours  for  building.  For  most 
SLA  processes,  the  slicing  thickness  is  constant.  In  the  make-up  fabrication  process,  the  constant 
thickness  is  applicable.  The  time-saving  of  using  variable  slicing  is  not  obvious  to  this  process. 
The  building  process  can  be  the  same  as  the  existing  SLA  process. 

Post-process 

Post-process  includes  the  removal  of  the  support  structures,  surface  finishing,  position  and 
gluing,  and  the  post  cure  processes.  Because  of  the  simplicity  of  the  supports,  the  post-process 
(cut  the  supports  off,  then  position  and  glue  all  the  components  into  a  complete  one)  is  simpler. 
Besides  the  position  and  gluing,  the  post-process  is  quite  similar  to  the  traditional  SLA  process. 

Advantages 

The  make-up  process  has  more  advantages  than  that  of  the  traditional  rapid  prototyping 
processes.  Generally  speaking,  it  has  three  main  advantages: 

•  Improve  the  processing  accuracy.  Because  all  components  of  big  or  complex  part  are  built  by 
their  own  optimization  orientation,  every  part  can  achieve  its  highest  accuracy. 

•  Simplify  the  generation  and  removing  of  the  support  structures.  Because  there  are  no  hang-up 
and  other  slope  surfaces,  all  the  support  structures  can  be  based  on  the  bottom  planes.  These 
will  simplify  the  generation  and  removing  of  the  support  structures. 

•  Reduce  the  building  time.  Because  the  height  of  fabrication  is  reduced,  the  total  building  time 
will  be  greatly  reduced. 

Geometrical  Discretion  of  the  CAD  Models 


The  geometrical  discretion  is  the  key  procedure  in  the  make-up  fabrication  process.  The  results  of 
the  discretion  will  directly  affect  the  processing  time  and  accuracy.  The  general  principle  of  the 
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discretion  of  the  CAD  models  is  to  cut  the  models  based  on  geometrical  features.  It  is  known  that 
most  CAD  softwares  are  feature-based  modeling  systems.  In  the  make-up  fabrication  process,  the 
discretion  is  also  based  on  features,  but  the  process  is  reversed.  The  make-up  fabrication  is  also 
called  feature-based  manufacturing  process  [3].  The  following  discusses  the  basic  rules  to 
discretize  the  CAD  models: 

1.  Cutting  the  cantilever  structures.  In  the  SLA  process,  cantilever  structures  directly  affect  the 
processing  accuracy,  building  time  and  stability.  But  the  cantilever  structures  are  very  common  in 
the  actual  parts.  Cutting  the  cantilever  structures  from  the  CAD  models  will  greatly  improve  the 
processing  accuracy  (the  cantilever  structures  are  composed  of  horizontal  cylindrical  surfaces  or 
other  lower-slope  surfaces),  shorten  the  building  time  (for  long  or  big  parts,  discrete  components 
will  greatly  reduce  the  building  height),  and  increase  the  stability  in  processing  (when  one  part  is 
cut  into  several  pieces,  the  center  of  gravity  will  be  lowered). 

The  cutting  pattern  will  be  dependent  on  the  geometrical  features,  processing  requirements, 
possible  building  orientation  and  user’s  experience.  The  cantilever  structures  can  be  cut  by  a 
plane  or  a  regular  surface. 

2.  For  the  rotational  parts,  the  cutting  strategy  is  to  cut  the  part  in  several  segments  equally. 
This  discretion  will  improve  the  building  efficiency  without  affecting  the  surface  accuracy.  For 
example,  the  tibia  bone,  often  used  in  medical  applications,  is  a  thin  and  long  bone.  If  the  bone  is 
built  in  a  horizontal  direction,  the  generation  of  the  support  is  difficult  and  the  surface  finish  is 
poor.  When  it  is  built  in  a  vertical  direction,  the  building  time  will  be  much  longer.  When  using 
geometrical  discretion  methods,  the  long  and  thin  bone  can  be  cut  into  several  pieces.  Building  the 
components  in  a  vertical  direction,  the  generation  of  the  support  structures  will  be  simpler,  the 
building  time  is  shorter  and  the  processing  accuracy  also  becomes  better. 

3.  For  free  form  and  cylindrical  surfaces,  if  the  result  of  orientation  optimization  is  not 
satisfactory,  the  geometrical  discretion  could  be  used  to  cut  the  solid  with  the  free  form  or 
cylindrical  surfaces.  For  example,  when  the  angle  between  the  normal  vector  of  the  surface  or  the 
axis  of  the  cylinder  with  the  building  direction  is  greater  than  30°,  the  surface  or  cylinder  should 
be  cut  off  to  form  a  new  building  unit  The  cutting  boundary  should  adopt  the  original  boundary 
as  much  as  possible.  The  cutting  plane  should  be  a  plane  so  as  not  to  generate  new  surfaces. 

4.  For  the  parts  with  a  down-slope  surface,  the  parts  should  be  discretized.  Generally  speaking, 
the  down-slope  surface  needs  complex  support  structure.  This  means  that  the  generation  and 
removing  of  the  support  structure  will  be  more  difficult.  Besides,  this  building  case  also  leads  to  a 
bad  surface  finish.  Hence,  this  kind  of  features  should  be  discretized  and  then  built  separately. 

5.  For  the  slope  plane,  it  should  be  discretized.  The  result  should  make  it  possible  to  realize  the 
slope  plane  either  parallel  or  perpendicular  to  the  building  direction. 
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The  Optimization  of  the  Building  Orientation 


The  optimization  of  the  building  orientation  is  a  very  important  procedure  to  obtain  high 
processing  quality  and  efficiency.  It  will  greatly  affect  the  processing  accuracy,  time  and  stability 
and  support  generation.  There  are  many  literatures  [4—6]  devoted  to  this  topic.  For  example, 
Cheng  [4],  et  al..  developed  the  building  orientation  algorithm  based  on  the  multi-objective 
optimization  in  which  the  processing  accuracy  is  used  as  the  primary  objective  and  the  building 
time  as  the  secondary  objective.  Seth  and  Dutta  [5]  investigated  this  problem  using  the  generation 
of  the  support  structures.  Frank  and  Fadel  [6]  tried  to  solve  this  problem  using  the  expert-system- 
based  selection  for  the  preferred  build  direction.  Because  of  the  complexity  of  the  orientation,  it  is 
hard  to  optimize  the  building  orientation  considering  all  factors.  In  this  paper,  a  new  method 
which  considers  the  processing  accuracy  and  building  time  simultaneously  will  be  used  (by  using 
discretion  method,  the  support  structures  will  become  quite  simple,  and  the  stability  can  also  be 
greatly  enhanced). 

Suppose  the  objective  function  of  the  orientation  optimization  to  attain  the  best  possible 
accuracy  is  defined  as  [4]: 


or 


Q=  Ni\  (i  =  1,2,  ....  m) 
Qi  =  (-l<\i<  1 ) 


(1) 

(2) 


where: 


Qi  =  the  objective  value  of  the  2th  orientation  of  the  built  part; 
c,  =  (£/,  ^2, ....  )  the  weighting  vector  consisting  of  the  weights  assigned  to  each 

surface  type; 

Ny  =  (Nu,  Na, ....  Nin)  the  input  vector  consisting  of  the  numbers  associated  with  the 
surface  types  for  the  respective  orientation; 
i  =  the  /th  orientation  of  the  part; 

j  =  the  jth  type  of  the  surface  of  the  part  in  an  orientation; 
n  =  the  possible  number  of  surface  types  in  an  orientation;  and 
m  =  the  possible  number  of  orientations  for  building  the  part. 


By  using  the  above  functions,  the  objective  values  of  all  possible  building  orientations  can  be 
calculated. 


For  the  objective  function  of  the  building  time,  it  can  be  calculated  by  the  following  equation: 


Ri 


«.  Ar 

=  n  -i  N-+  X  — 
J=l  u 


(3) 


where: 

Ri  =  the  objective  value  of  the  /th  orientation  of  the  building  time; 
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n,  =  the  slicing  number  of  the  /th  orientation; 

tw  =  the  waiting  time  between  the  layer  building; 

u  =  the  scanning  area  of  the  laser  beam  in  the  unit  time;  and 

Aij  =  the  area  to  be  scanned  on  the  jth  cross-section  under  the  /th  building  orientation. 

Hence,  when  considering  the  above  two  factors  simultaneously,  the  final  objective  function  of 
the  optimization  of  the  building  orientation  is  given  by; 

Pi  =  —  (4) 

Ri 

In  this  equation,  Qt  is  the  objective  value  of  the  processing  accuracy  in  the  /th  orientation.  R,  is 
the  objective  value  of  the  processing  time  in  the  /th  orientation.  P,  is  the  objective  value,  the  ratio 
of  the  processing  accuracy  to  the  processing  time  and  it  is  similar  to  the  ratio  of  the  performance 
to  price.  The  bigger  the  P,  is,  the  better  the  processing  quality  will  be.  Thus  the  maximum 
objective  value  of  the  optimal  building  orientation  should  be: 

Pmax  =  max  (  Pi  }  (  i  =  1,  2,  m  )  (5) 

where  m  is  the  number  of  the  candidate  orientations. 

The  Optimization  of  the  Layout  of  Multiple  Parts  in  Simultaneous  Building 

For  the  make-up  fabrication  process,  after  the  parts  are  discretized  into  several  components,  it 
is  natural  to  consider  the  layout  of  the  multiple  parts  in  the  simultaneous  building.  If  the  parts  are 
randomly  placed  on  the  building  platform,  the  processing  efficiency,  cost  and  time  will  not  be 
optimized.  For  the  best  use  of  the  building  space,  reducing  the  building  time  and  improving  the 
building  efficiency,  optimizing  the  layout  is  necessary.  For  the  simple  and  few  discrete 
components,  the  layout  can  be  easily  determined  by  experienced  users.  But  for  complex  and  big 
components,  the  optimal  layout  will  be  difficult  to  determine  intuitively. 

For  the  layout  optimization,  it  is  assumed  that  the  user  has  oriented  the  part  for  the  desired 
build,  using  the  multi-objective  progressive  optimization  method  [4]  or  an  expert  system  [6].  Then 
the  layout  can  be  divided  into  two  categories:  one  is  the  2D  layout,  the  other  is  the  3D  layout[7]. 
The  main  objectives  in  the  2D  layout  are  the  better  usage  of  the  building  platform  and  the  close 
packing  of  the  parts.  The  objectives  of  the  3D  layout  focus  on  maximizing  the  number  of  parts 
and  the  volume  of  the  vat  that  is  utilized.  The  detailed  algorithms  about  multiple  part  placement 
can  be  referred  to  literature  [7]. 


Case  Study 


Figure  2  gives  the  CAD  model  of  an  example  brake  part.  With  the  optimization  algorithm  of 
the  building  orientation,  the  result  is  given  in  Figure  3.  From  the  figure,  it  is  easy  to  find  that 
although  the  overall  processing  accuracy  can  reach  the  best  result,  there  are  still  two  cylindrical 
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surfaces  and  one  slope  plane  which  are  not  placed  in  the  optimal  direction.  So  the  good  accuracy 
cannot  achieve.  In  such  case  it  must  be  discretized  into  several  pieces  so  that  the  building 
accuracy  can  be  improved.  Besides,  because  of  the  horizontal  placement  of  the  cylinder,  one  small 
area  contacts  with  the  building  platform,  the  support  generation  and  the  stability  are  also  not 
good.  After  the  building,  it  is  also  difficult  to  remove  the  support  structures  from  the  part. 


Fig.  2  The  CAD  model  of  the  brake 


Fig.  3  The  optimal  building  orientation 


Fig.  4  The  discretion  result  of  the  CAD  model  Fig.  5  The  optimization  of  the  layout 


By  using  the  make-up  fabrication  process,  the  problems  can  be  solved.  According  to  its 
geometrical  features,  the  CAD  model  can  be  discretized  into  five  components,  as  shown  in  Figure 
4.  All  these  components  are  very  simple  in  geometry  and  very  easy  to  optimize  the  building 
orientation  and  generate  or  remove  the  support  structures.  Besides,  because  of  the  building  height 
is  lowered,  the  building  time  can  also  be  reduced.  Figure  5  gives  the  final  layout  of  the  five 
components  when  they  are  built. 
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Conclusion 


In  this  paper,  the  make-up  fabrication  process  has  been  proposed  and  discussed.  The  process 
discretizs  the  big  or  complex  parts  into  small  or  simple  components  so  as  to  achieve  the  better 
processing  accuracy,  reduce  the  building  time,  simplify  the  generation  of  the  support  structures 
and  enhance  the  processing  stability  of  the  SLA  process.  The  paper  presents  the  cutting  rules  to 
an  existing  CAD  model  and  gives  the  discussions  on  the  optimizations  of  the  building  orientation 
and  the  layout  when  multiple  parts  are  built  simultaneously. 
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ABSTRACT 

The  reinforcement  of  photoresins  with  continuous  carbon  fibers  is  discussed  in  this 
paper.  The  processing  was  conducted  in  an  automated  desktop  photolithography  unit 
(ADPU)  developed  and  built  in-house.  Continuous  fibers  were  added  in  situ  to  the 
photoresin  to  obtain  composite  samples  containing  over  20  vol%  of  the  fibers.  The  tensile 
strength  of  these  composites  improved  by  at  least  a  factor  of  2  as  compared  to  that  of  the 
pure  photoresins.  It  is  also  noted  that  the  photoresin  could  be  partially  cured  to  develop 
sufficient  green  strength  in  the  composite  samples  even  though  the  fibers  are  opaque  to 
ultraviolet  radiation.  These  results  indicate  the  potential  of  this  technique  to  produce 
functional  composite  components  in  conjunction  with  a  3-D  photolithography  apparatus. 


INTRODUCTION 

Conventional  photolithography  is  limited  to  coating  applications  because  the  depth  of 
cure  of  photoresins  is  limited  to  a  maximum  of  a  few  millimeters.  However,  this  limitation 
has  been  overcome  in,  Stereolithography,  a  free  form  fabrication  technique  (1-3). 
Unfortunately,  at  the  present  time,  only  pure  photopolymers  can  be  used  in  the  commercial 
stereolithography  units.  The  resulting  parts  do  not  possess  the  properties  that  are  needed 
for  functional  applications. 

In  view  of  the  shortcomings  encountered  in  pure  resins,  improvement  of  polymer 
properties  was  attempted  by  adding  a  reinforcing  phase.  Preliminary  research  at  Clemson 
University  has  demonstrated  the  feasibility  of  processing  of  composite  materials  by  3- 
dimensional  photolithography  (4,  5).  Our  study  showed  that  composite  samples  prepared 
manually  with  20  vol%  glass  and  quartz  fibers  had  mechanical  properties  typically  an  order 
of  magnitude  better  than  those  of  pure  resins.  In  a  recent  study  (6),  the  properties  of  resins 
reinforced  with  continuous  glass  fibers  in  an  automated  desktop  photolithography  unit 
(ADPU).  are  discussed. 

The  objective  of  this  study  was  to  investigate  if  carbon  fibers  could  be  used  as  the 
reinforcing  phase  in  conjunction  with  the  automated  3-D  photolithography  technique. 
Description  and  evaluation  of  the  test  samples  prepared  by  the  above  technique  are 
presented,  and  the  mechanical  properties  of  these  parts  are  compared  with  those  of  the  pure 
resin. 


*  To  whom  correspondence  should  be  addressed 
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EXPERIMENTAL 


The  photoresin  used  in  this  research  was  Du  Pont  Somos  3100  (designated  "S31"). 
The  resin  has  a  viscosity  of  less  than  1000  cP.  The  carbon  fibers  were  Thomel  T300 
(Amoco  Performance  Products).  A  3K  tow  was  split  into  half  and  used  for  preparing 
samples. 

The  automated  desktop  photolithography  unit  (ADPU)  was  designed  and  built  in- 
house  to  allow  in  situ  addition  of  fibers  (7).  The  part  is  built  on  a  metal  platform  that  is 
positioned  manually  to  control  the  thickness  of  the  resin.  The  various  components  of  the 
ADPU  are:  a  fiber  dispensing  device  (FDD),  a  UV-light  source,  a  silica  fiber  optic  cable, 
and  a  focusing  probe.  The  light  source  and  the  FDD  are  mounted  on  a  circular  plate  which 
can  traverse  in  the  X-Y  direction  and  rotate  about  the  Z-  axis;  all  of  the  motions  are 
computer  controlled. 

Pure  resin  as  well  as  continuous  fiber  composite  samples  were  prepared  in  the 
ADPU.  The  thickness  of  the  liquid  resin  layer  was  about  0.7  mm.  The  fiber  tows  were 
primarily  dispensed  at  a  spacing  of  1mm,  although  other  tow-spacing  intervals  can  also  be 
realized  in  the  ADPU.  The  pure  resin  samples  were  cured  at  a  speed  of  15  cm/min, 
whereas  composites  were  processed  at  a  velocity  of  36  cm/min.  The  tensile  samples  were 
nominally  10  cm  long,  1  cm  wide,  and  0.1  cm  thick. 

The  tensile  properties  of  the  samples  were  evaluated  in  an  ATS  Universal  Tester  900 
at  a  crosshead  speed  of  0.1  in/min.  Two  sets  of  samples  were  prepared  and  tested;  each  set 
consisted  of  5  samples.  Set  A  was  postcured  in  a  postcuring  apparatus  (PCA)  for  one  hour 
on  each  side,  whereas  Set  B  was  postcured  for  2  hours  on  each  side.  The  width  and 
thickness  of  specimens  were  measured  to  the  nearest  0.025  mm  at  three  to  five  points  along 
their  length.  However,  the  surface  of  most  of  the  composite  samples  was  irregular. 
Therefore,  the  determination  of  the  composite  strength  is  subject  to  an  uncertainty  of  about 
±  20%. 


RESULTS  AND  DISCUSSION 

A  photograph  of  the  entire  set  of  samples  is  displayed  in  Figure  1,  whereas  a  close-up 
of  two  samples  is  displayed  in  Figure  2.  The  edges  of  the  samples  display  irregularity  and 
the  effect  is  more  pronounced  at  the  end  of  the  sample.  A  part  of  this  problem  could  be 
attributed  to  the  somewhat  irregular  1.5K  carbon  fiber  tow  which  was  obtained  manually 
by  splitting  a  3  K  tow.  The  interior  of  the  sample  appears  to  be  free  of  gross  defects. 
Uneven  surface,  however,  is  evident  in  all  of  the  samples.  Such  roughness  was  a 
consequence  of  the  rather  high  volume  fraction  20  vol%)  of  carbon  fibers  that  were 
dispensed. 

The  tensile  strength  of  carbon  fiber  reinforced  S3 1  resin  composites  are  reported  in 
Table  I  for  both  of  the  sets.  Initially  it  was  assumed  that  because  carbon  fibers  are  opaque 
to  UV  radiation,  they  would  inhibit  the  curing  of  the  photoresin.  Therefore,  samples  cured 
for  a  longer  time  would  display  a  higher  strength.  However,  the  experimental  results  were 
rather  surprising  in  that  the  samples  postcured  for  a  total  of  2  hours  (Set  A)  had  a  higher 
strength  (83.5  MPa)  than  those  cured  for  4  hours  (42.4  ±13.1  MPa).  It  is  surmised  that 
the  additional  postcuring  rendered  the  samples  very  brittle  and  led  to  an  increase  in 
microcracks  and  defects  within  the  postcured  samples.  Further,  visual  inspection  of  the 
tested  samples  revealed  that  most  of  the  matrix  resin  had  "solidified"  in  both  sets,  although 
its  extent  of  cure  remains  undetermined.  The  reasons  for  these  anomalous  results  are  being 
probed  further. 
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Figure  1.  A  photograph  of  the  carbon  fiber  reinforced  S31  photoresin  samples  produced  in 
the  ADPU. 


Figure  2.  A  close-up  view  of  two  samples,  A2  and  A3,  from  the  set  that  was  postcured  for 
a  total  of  2  hours. 
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Table  I.  Tensile  strength  of  pure  resin  and  composite  samples  prepared  in  the 
automated  desktop  photolithography  unit  (ADPU).  Set  A  was  postcured  for 
a  total  of  2  hours,  whereas  Set  B  was  postcured  for  a  total  of  4  hours. 


Material 

Fiber  Volume  % 

Tensile  Strength 
(MPa) 

Pure  S3 1 

0 

34.0 

Carbon  fibers/Al 

30.5 

52.5 

A2 

25.9 

122.6 

A3 

25.7 

86.5 

A4 

26.6 

92.3 

A5 

25.8 

63.4 

B1 

26.4 

34.4 

B2 

24.8 

27.4 

B3 

24.9 

41.5 

B4 

26.3 

61.7 

B5 

23.9 

47.0 

The  tensile  strength  of  unidirecdonal  composites  has  been  predicted  with  the  simple  rule-of- 
mixtures  (8,9), 

Gc*  =  Of*  Vf  +  Gm'  (1-Vf)  (1) 

where  Gc*  is  the  strength  of  the  composite  lamina.  Of*  is  the  strength  of  the  fibers,  Gm'  is 
the  stress  in  the  matrix  at  the  fiber  failure  strain,  and  Vf  is  the  fiber  volume  fraction.  For  a 
value  of  3.0  GPa  for  the  tensile  strength  of  the  carbon  fiber  tows,  the  strength  of  the  fiber 
reinforced  resins  was  predicted  to  be  835  MPa,  as  described  in  Table  II.  It  is  evident  that 
the  strength  of  the  carbon  fiber  reinforced  composites  falls  very  short  of  the  predicted 
value,  and  indicates  the  potential  for  improvement  of  the  existing  process  for  handling 
carbon  fibers.  Additional  work  is  in  progress  to  investigate  the  behavior  of  such  carbon 
fiber  composites. 


Table  H  A  summary  of  the  tensile  strength  of  pure  resin  and  composite  samples  prepared 
in  the  automated  desktop  photolithography  unit  (ADPU). 


Vf(%) 

Tensile  Strength 
(MPa) 

Predicted 
Strength  (MPa) 

Pure  S3 1 

0 

34.0  ±2.1 

-- 

S3 1/carbon  (Set  A) 

26.9+  2.0 

83.5  ±  24.4 

835 
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CONCLUDING  REMARKS 


This  paper  summarized  the  development  of  a  three  dimensional  composite 
photolithography  process  to  produce  carbon  fiber  reinforced  resins.  An  experimental 
apparatus,  automated  desktop  photolithography  unit  (ADPU),  was  used  to  produce  fiber 
reinforced  samples  in  near  net-shape  without  the  use  of  molds.  For  a  carbon  fiber  content 
ranging  up  to  30  vol%,  the  strength  of  composites  displayed  a  2-3  fold  increase  over  that 
of  the  pure  resins.  Thus,  3-D  composite  photolithography  combines  the  advantages  of 
rapid  prototyping  techniques  with  the  improved  mechanical  properties  of  fiber  reinforced 
composites. 
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Investment  Casting  Stereolithography  Patterns 

Stereolithography  (SL)  has  become  a  useful  tool  in  rapid  prototyping  of  metal  parts  due  to 
advances  in  resins  and  buildstyles  for  producing  investment  casting  patterns.  The  production  of 
the  patterns,  however,  has  been  only  one  obstacle  to  the  successful  application  of  SL  to 
investment  casting.  Difficulties  in  pattern  removal  from  investment  casting  shells  has  been  a  major 
concern  for  foundries  handling  SL  patterns,  limiting  even  the  most  experienced  foundries  to  90% 
yields.  In  addition  to  shell  cracking,  improper  and  inadequate  gating  of  SL  patterns  can  lead  to 
casting  defects  or  failure  to  produce  a  satisfactory  part.  The  costs  of  SL  pattern  generation,  shell 
production,  and  raw  metal  stock,  and  the  tight  time  requirements  of  rapid  prototyping  demand 
that  higher  foundry  yields  be  achieved. 

The  investment  casting  process  begins  with  the  generation  of  a  pattern.  The  pattern 
reflects  the  desired  part  geometry  with  an  allowance  for  metal  shrinkage.  One  or  more  patterns 
are  attached  to  a  structure  which  will  provide  a  pathway  for  the  molten  metal  to  reach  the 
patterns.  This  structure  is  a  known  as  a  tree  and  consists  of  feed  tubes  that  carry  molten  metal  to 
one  or  more  gates.  Gates  connect  the  feed  tubes  to  the  patterns.  Once  the  SL  patterns  are 
affixed  to  the  tree,  a  ceramic  shell  is  created  around  the  tree  and  patterns.  The  shell  is  formed  by 
repeatedly  dipping  the  tree/pattem  assembly  into  a  slurry  of  ceramic  and  allowing  each  coat  to  dry 
before  repeating  the  process.  Sand  is  frequently  poured  over  the  ceramic  before  it  dries  to  add 
strength  to  the  shell.  Once  the  shell  is  complete,  the  pattern  and  tree  are  removed  from  the  shell 
by  melting  or  burning.  The  shell  may  then  be  filled  with  molten  metal,  which  solidifies  in  the 
cavities  left  behind  by  the  patterns.  Finally,  the  shell  is  broken  away  and  the  metal  parts  are  cut 
from  the  tree. 

3D-Systems’  (Valencia,  CA)  development  of  the  QuickCast™  (QC)  buildstyle  has  made 
the  rapid  generation  of  accurate  investment  casting  patterns  possible.  The  use  of  traditional  wax 
trees  in  investment  casting  SL  patterns,  however,  has  limited  the  scope  of  SL  in  investment 
casting  to  pattern  generation.  This  paper  focuses  on  the  use  of  SL  to  create  trees  for  investment 
casting,  and  explores  the  possibility  of  using  SL  trees  instead  of  wax  trees.  Casting  SL  patterns 
and  trees  may  be  effective  in  improving  foundry  yields,  reducing  the  amount  of  metal  required  to 
create  a  casting,  and  even  improving  the  quality  of  the  resulting  castings. 
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Applications  of  SL  trees 


Pattern  geometry  has  a  significant  impact  on  the  degree  of  difficulty  in  investment  casting 
SL  patterns.  Thin  and  narrow  features  on  SL  patterns  act  as  stress  risers  during  pattern  removal 
and  may  lead  to  shell  failure.  Thick  sections  and  large  geometries,  while  presenting  less  of  a 
problem  in  terms  of  pattern  removal,  are  difficult  to  adequately  feed  and  may  require  strategic 
placement  of  feed  tubes  and  gates.  Development  of  SL  trees  for  investment  casting  may  address 
both  of  these  aspects  of  investment  casting  SL  patterns  by  making  tree  geometries  flexible  and  by 
eliminating  the  use  of  autoclaving  as  part  of  the  pattern  removal  process.  Parametric 
Technology’s  Pro/Engineer®  (Waltham,  MA)  solid  modeling  software  was  used  in  conjunction 
with  3D-Systems’  SLA  250/40™  and  Maestro™  software  to  create  the  trees  used  in  this  work. 

Preventing  Shell  Cracking  During  Pattern  Removal 

Pattern  removal  represents  the  most  significant  problem  arising  from  the  use  of  QC 
patterns.  Autoclaving  is  the  traditional  investment  casting  wax  removal  process.  However,  QC 
patterns  exhibit  extreme  swelling  upon  exposure  to  steam  during  autoclaving,  due  primarily  to  the 
absorption  of  water.  Part  geometries  such  as  thin  walls,  small  holes,  and  sharp  comers  cannot 
readily  collapse  inward  as  this  swelling  occurs,  resulting  in  shell  cracking  around  the  patterns.  To 
avoid  this  problem,  most  foundries  bypass  the  autoclaving  step  and  subject  shells  containing  SL 
patterns  to  direct  burnout  of  the  patterns  in  a  flash-fire  oven,  typically  the  mold-preheat  furnace. 

While  work  continues  on  resins  that  are  less  sensitive  to  moisture,  flash-firing  remains  the 
most  promising  route  towards  removal  of  patterns  with  difficult  geometries.  The  use  of  the  flash- 
fire  technique,  however,  merely  relocates  the  potential  for  shell  failure  when  wax  trees  are  used. 
Although  the  QC  patterns  generally  have  a  greater  coefficient  of  thermal  expansion  than  the  wax  , 
their  relatively  open  internal  structure  allows  the  pattern  to  fail  and  collapse  inward  during 
burnout,  before  sufficient  stress  is  generated  to  crack  the  shell.  The  expansion  of  the  solid  wax 
tree,  however,  can  build  up  tremendous  pressure  along  the  tree  and  lead  to  shell  failure.  It  is 
important  to  note  that  some  SL  pattern  geometries  necessitate  the  use  of  a  thick  shell,  in  which 
case  the  use  of  a  wax  tree  may  not  be  precluded. 

Changing  shell  composition  to  improve  shell  strength2  may  allow  the  processing  of  SL 
patterns  without  a  substantial  increase  in  shell  thickness.  However,  for  foundries  whose 
processing  of  SL  parts  is  only  a  small  fraction  of  overall  part  production,  or  as  in  regulated 
industries  where  changes  to  shell  composition  require  lengthy  validation  procedures,  changing 
shell  compositions  to  handle  SL  patterns  is  unrealistic.  Increasing  shell  strength  by  increasing 
shell  thickness  is  possible,  but  at  significant  cost  due  to  several  factors.  First,  an  increase  in  shell 
thickness  typically  requires  patterns  to  be  spaced  farther  apart,  decreasing  the  number  of  patterns 
that  can  be  applied  to  the  tree.  Second,  the  additional  process  time  required  to  augment  the  shell 
thickness  adds  to  the  total  time  required  to  produce  the  shell.  As  time  is  an  essential  element  in 
RP  processing,  such  an  increase  may  be  unacceptable.  Finally,  the  increased  usage  of  shell 
materials  adds  cost  to  the  tree,  as  does  the  additional  labor  required  for  processing. 
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When  pattern  geometry  requires  avoiding  autoclaving,  it  is  possible  to  create  an  SL  tree  to 
which  SL  patterns  may  be  attached  prior  to  burnout  and  which  provides  better  survivability  of  the 
shell.  A  properly  designed  SL  tree  can  also  improve  the  circulation  of  combustion  gasses,  a 
critical  factor  in  the  successful  burnout  of  SL  patterns3. 


Key  to  the  successful  use  of  the  SL  tree  for  reducing  shell  cracking  is  the  incorporation  of 
features  designed  to  facilitate  the  collapse  of  the  tree  during  the  initial  moments  of  burnout.  The 
primary  principle  of  SL  tree  design  is  the  use  of  the  ACES™,  or  solid,  buildstyle,  and  the 


generation  of  a  thin-walled,  hollow  geometry, 
volume  while  using  less  SL 
resin  than  an  identical  part 
made  in  the  QC  buildstyle. 

Additionally,  the  thin- 
walled  part  collapses  at  a 
lower  stress  during  burnout 
and  requires  less  oxygen  to 
completely  combust,  freeing 
up  oxygen  for  the 
combustion  of  the  patterns. 

Since  a  good  surface  finish 
on  the  tree  is  not  critical, 
the  tree  can  be  built  0.006” 
thick  layers.  QC  patterns 
are  typically  built  using 
0.004”  thick  layers  to 
improve  surface  finish.  As 
a  result  of  the  larger  layer 
thickness,  the  time  to  build 
an  ACES  tree  is 
substantially  less  than  the 
time  it  would  take  to  build 
the  same  tree  as  a  QC 
pattern. 


This  geometry  can  reproduce  the  desired  shell 


Figure  1  -  Wax  tree  used  for  investment  casting  of 
production  and  prototype  parts.  Scissors  are  for  scale. 


Figure  1  shows  a  wax  tree  currently  used  to  cast  orthopedic  implants  in  production.  The 
tree  is  injection  molded  with  a  threaded  insert  in  the  mold  that  allows  a  threaded  rod  to  be 
screwed  into  the  tree  for  manipulation  during  dipping.  This  tree  was  used  in  conjunction  with  QC 
patterns  to  cast  prototype  parts  in  ASTM  F-75,  a  Cobalt-Chromium-Molybdenum  alloy.  The 
components  had  thin  sections  and  sharp  edges,  and  it  was  difficult  to  drain  excess  resin  from  the 
patterns  during  processing.  Autoclaving  the  mold  to  remove  the  SL  patterns  and  wax  tree  proved 
disastrous;  the  ceramic  mold  was  completely  destroyed  by  the  expansion  of  the  SL  patterns. 
Extensive  shell  cracking  was  also  observed  after  flash-firing  the  mold  to  remove  the  patterns  and 
wax. 
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Shell  failure  caused 
by  flash-firing  was  observed 
along  the  length  of  the  tree, 
and  was  attributed  to 
stresses  generated  by  the 
thermal  expansion  of  the 
wax  during  the  early  stages 
of  burnout.  An  attempt  to 
remove  the  wax  by  slow 
heating  (with  the  intent  of 
subsequently  burning  out 
the  SL  patterns)  in  a 
convection  oven  also  led  to 
shell  failure.  To  alleviate 
the  cracking  problem,  an 
SL  tree  was  created  that 
mimicked  the  external 
geometry  of  the  wax  tree. 


A  cross  section  of 
the  SL  tree  is  shown  in 
Figure  2,  where  several 


Figure  2  -  Section  through  an  SL  tree.  The  SL  tree  reproduces  the  external 
geometry  of  the  wax  tree  shown  in  Figure  1. 


Figure  3  -  Section  of  SLA  tree  showing  support  structure 
for  threaded  insert. 


important  features  of  the 
tree  are  revealed.  Perhaps 
the  most  notable  feature  of 
the  tree  is  its  thin  walls  (A). 
At  0.025”  thick,  the  walls 
of  the  tree  were  strong 
enough  to  hold  QC  patterns 
and  survive  general 
handling  during  shelling, 
but  thin  and  weak  enough 
to  break  readily  as  stresses 
developed  during  firing. 
All  comers  and  edges  were 
filleted  and  rounded  to 
reduce  stress 

concentrations  in  the 
ceramic  shell. 

Another  notable 
feature  of  the  tree  is  the 
joint  (B)  connecting  the 
two  portions  of  the  tree. 
The  tree  was  too  large  to 
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be  built  in  a  single  piece  on  the  SLA  250,  so  it  was  split  in  Pro/Engineer  prior  to  building.  The 
joint  needed  to  be  strong  enough  to  hold  the  weight  of  the  patterns  on  the  lower  half  of  the  tree. 
The  joint,  a  “bird’s  beak”  type  of  connection,  was  sufficiently  strong  to  hold  the  two  parts 
together.  The  benefit  of  this  type  of  joint  is  that  it  collapses  into  a  narrowing  “v”  shape  as 
circumferential  stresses  arise  in  the  tree  during  firing.  A  simple  flange-type  of  joint  would  be 
more  structurally  resistant  to  failure  during  burnout,  transmitting  stress  to  the  shell  and  potentially 
leading  to  shell  failure.  Figure  3  shows  a  close-up  of  the  top  portion  of  the  SL  tree  of  Figure  2. 
A  reinforcing  structure  was  added  to  the  tree  to  accommodate  the  threaded  insert  (shown  in 
place)  which  was  present  in  the  original  wax  tree.  The  insert  was  placed  into  the  tree  and  rotated 
45  degrees  to  lock  it  into  position  under  the  reinforcement.  The  structure  was  made  independent 
of  the  wall  of  the  tree,  and  was  strong  enough  to  support  the  weight  of  the  shelled  tree.  The 
strength  of  the  insert  reinforcement  was  not  transmitted  to  the  outer  wall  of  the  SL  tree, 
preventing  the  transfer  of  additional  stress  to  the  ceramic  shell  during  firing. 

Figure  4  shows  cross  sections  through  two  flash-fired  ceramic  molds  made  from  the  tree 
geometry  shown  in  Figure  1.  To  create  a  ceramic  shell  strong  enough  to  withstand  flash  firing  of 
a  wax  tree  required  1 1  slurry/sand  layers.  A  section  through  the  fired  shell  is  shown  in  Figure  4a. 
The  shell  in  Figure  4b  was  created  over  the  SL  tree  shown  in  Figure  2.  The  shell  over  the  SL  tree 
survived  firing  even  though  only  6  slurry/sand  layers  were  applied.  Producing  the  ceramic  mold 
by  using  an  SL  tree  saved  2  days  in  the  shell  production  area  and  reduced  the  weight  of  materials 
(slurry  &  sand)  by  66%. 


Figure  4  -  a)  Fired  and  sectioned  investment  casting  shell  showing  thickness  of  ceramic  mold  created 
over  a  wax  tree,  b)  Fired  and  sectioned  shell  showing  thickness  of  ceramic  mold  created  over  a  SL  tree. 

The  I.D.  of  the  shells  was  the  same. 


Optimizing  the  Investment  Casting  of  SL  Patterns 

Due  to  the  large  variety  of  pattern  geometries  encountered  in  prototype  development,  the 
gating  and  feeding  of  SL  patterns  remains,  largely,  an  art.  Foundries  rely  on  experience  for 
ensuring  adequate  fill  of  the  mold  as  well  as  control  over  the  actual  filling  and  solidification  of  the 
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metal.  The  usual  strategy  for  feeding  these  parts  is  to  apply  excess  gating,  accepting  less  than 
optimal  metal  flow  and  extra  finishing  work  on  the  castings.  As  an  alternative,  development  of  an 
investment  casting  tree  might  be  performed  in  conjunction  with  the  original  solid  model  for  the 
part.  This  would  promote  visualization  of  the  entire  casting  process  early  on,  perhaps  eliciting 
design  changes  that  improve  the  castability  of  the  part. 

When  prototype  parts  need  to  be  cast  from  expensive  alloys,  the  elimination  of  metal 
waste  becomes  an  important  criterion  for  designing  the  tree.  Using  feed  tubes  and  gates  with 
circular  cross  sections  minimizes  heat  loss  in  the  shell  while  the  metal  is  being  poured,  allowing 
the  use  of  smaller  diameter  feed  tubes  and  gates. 

Since  part  complexity  is  not  generally  an  issue  in  SL  fabrication,  complex  features  may  be 
added  to  improve  the  metal  flow  characteristics  of  the  mold.  For  instance,  the  outer  surface  of 
the  tree  might  be  grooved  slightly  to  promote  the  laminarity  of  metal  flow  through  the  ceramic 
mold  upon  casting.  Reducing  turbulent  metal  flow  through  molds  can  reduce  the  chance  that 
small  ceramic  fragments  in  the  mold  become  trapped  in  the  casting.  Smooth  gate-part  transitions 
and  bends  in  the  tree  can  also  help  to  promote  laminarity. 

When  part  geometries  contain  thick  cross  sections,  metal  shrinkage  can  cause  voids  to 
appear  in  the  castings.  To  avoid  shrinkage  cavities,  a  reservoir  of  molten  metal  called  a  riser  is 
created  by  forming  a  volume  in  the  shell  that  solidifies  after  the  part,  allowing  additional  molten 
metal  from  the  riser  to  fill  the  part  cavity  as  solidification  takes  place.  To  keep  the  metal  in  risers 
molten,  they  must  often  be  very  large.  Maximum  heat  retention  is  accomplished  when  the  surface 
area  of  the  mold  is  small  in  relation  to  the  mass  of  metal  in  the  riser.  By  using  SL,  hollow 
cylindrical  or  semi-spherical  risers  (geometries  with  low  surface  area/volume  ratios)  could  be 
created  and  added  to  the  tree  to  prevent  shrinkage  cavities. 

Provisions  must  generally  be  made  for  handling  the  tree  during  the  shelling  process.  In  the 
example  above,  a  special  feature  was  made  for  allowing  a  threaded  insert  to  be  placed  into  the  SL 
tree.  This  insert  must  be  removed  prior  to  burning  out  the  shell.  As  an  alternative  to  a  separate, 
threaded  insert,  screw  threads  could  be  modeled  directly  into  the  SL  tree. 

Determining  the  Cost  of  SL  Trees 

As  the  production  of  SL  parts  can  be  expensive,  minimizing  the  use  of  SL  resources, 
including  resin,  build  time,  and  post  processing  requirements  is  critical  in  making  the  use  of  SL 
trees  feasible.  Since  surface  finish  and  dimensional  accuracy  of  SL  trees  is  relatively  unimportant, 
trees  should  generally  be  positioned  to  minimize  build  height.  In  the  example  described  earlier, 
the  lower,  long  portion  of  the  SL  tree  was  built  lying  on  its  side.  Supports  were  generated  inside 
the  part,  however,  they  did  not  contribute  significantly  to  the  strength  of  the  part  and  were  left  in 
place  (reducing  the  amount  of  post  processing  required).  The  total  part  height  was  reduced  to 
about  2  inches,  and  though  the  tree  was  slightly  out-of-round  (the  effect  of  cure  depth  and 
overcure  characteristic  of  the  SL  process)  there  were  no  adverse  effects  on  the  performance  of  the 
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tree.  The  tree  consumed  only  60g  of  resin  (about  $4  worth  of  resin).* 

The  small  cross-sectional  areas  of  these  SL  trees  require  minimal  scan  time.  SL  trees  do 
not  require  any  special  build  parameters,  and  can  be  placed  into  a  build  when  there  is  extra  room 
in  the  SL  apparatus,  to  be  built  along  with  other  ACES  style  parts.  About  3  hours  were  required 
to  model  the  SL  tree  from  the  above  example  in  Pro/Engineer. 

SL  trees  may  also  be  used  for  proofing  out  tree  geometries  prior  to  producing  production 
tooling  for  injecting  wax  trees.  Optimization  of  tree  geometry  in  the  production  of  large  numbers 
of  castings  can  have  tremendous  impact  on  production  costs.  The  flexibility  offered  by  solid 
modelling  and  SL  technology  allows  timely  experimentation  with  a  number  of  parameters  of  tree 
geometry  that  ultimately  affect  the  raw  metal  requirements  and  quality  of  the  castings. 

SL  trees  clearly  provide  benefits  over  wax  trees  in  reducing  shell  cracking  when  SL 
patterns  with  difficult  geometries  are  to  be  cast.  SL  trees  may  also  be  employed  to  reduce  shell 
material  and  process  time,  improve  foundry  yields,  reduce  raw  metal  stock  requirements,  and 
improve  the  quality  of  the  casting,  providing  ample  economic  return  on  the  investment  of 
producing  the  SL  tree. 


Conclusions 

The  demanding  pace  of  rapid  prototyping  and  the  high  cost  of  SL  patterns  require  higher 
foundry  yields  than  are  currently  achieved.  The  use  of  SL  trees  in  the  investment  casting  of  SL 
patterns  has  the  potential  to  improve  foundry  yields  significantly,  through  improved  gating  of 
parts  and  a  reduction  in  shell  failures  during  pattern  removal.  The  SL  ACES  buildstyle  in 
conjunction  with  solid  modeling  software  packages  can  be  used  to  create  thin-walled  tree 
geometries  possessing  an  array  of  features  that  can  significantly  reduce  shell  stresses  developed 
during  flash-fire  burnout  and  improve  the  flow  of  metal  into  the  mold.  The  time  savings  associated 
with  improved  foundry  yields  and  elimination  of  the  autoclaving  step  can  be  one  of  the  most 
significant  advantages  of  the  use  of  SL  trees.  While  the  initial  cost  of  designing  and  producing  an 
SL  tree  may  be  higher  than  that  to  produce  a  wax  tree,  the  potential  to  ensure  shell  survival 
during  pattern  removal,  conserve  expensive  alloys,  and  produce  high  quality  castings  may  justify 
the  added  expense. 
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ABSTRACT 

A  new  method  of  making  3-D  objects  is  proposed.  A  discharge  lamp  is  used  as  a  UV 
light  source,  and  to  make  the  fabrication  time  shorter,  multiple  spots  exposure  using  optical 
fibers  is  employed.  The  light  is  distributed  to  some  optical  fibers.  The  output  side  of  each  fiber 
is  arrayed  linearly  and  the  emitted  lights  are  focused  on  the  surface  of  the  photosensitive  resin. 
As  the  fiber  array  is  raster-scanned,  the  light  transmission  of  each  fiber  is  controlled  by  the 
optical  shutter  independently  according  to  the  pixel  data  at  the  corresponding  position  to  be 
irradiated.  Small-sized  stereo-lithography  systems  can  be  realized  economically  by  this 
method. 

1.  INTRODUCTION 

The  rapid  prototyping  is  a  method  to  make  3-D  models  by  mutual  bonding  of  raw 
material  on  the  basis  of  digital  data.  Stereolithography  is  one  of  the  methods  using  a  UV  laser 
and  photopolymer  resin,  and  is  now  applied  to  the  fabrication  of  industrial  models,  medical 
models  from  CT  or  MR  images[3],  etc..  However  the  cost  and  size  of  present 
stereolithography  systems  have  issues  because  of  the  UV  laser.  Presently  commercially 
available  systems  are  very  expensive.  As  rapid  prototyping(R/P)  become  popular,  small  and 
inexpensive  systems  are  requested. 

When  stereolithography  was  first  proposed,  a  discharge  lamp  was  used  as  a  UV  light 
source[l].  However  it  did  not  put  to  practical  use  because  of  its  low  accuracy  and  energy 
efficiency.  Commercial  high-precision  systems  were  realized  using  UV  lasers[2].  But  they 
have  been  very  expensive  and  bulky. 

Although  some  R/P  systems,  such  as  FDM  and  LOM  are  relatively  inexpensive.  They 
can  not  gives  more  stable  reaction  process  and  transparent,  complicated  models  than 
stereolithograpy. 

Here,  we  propose  the  new  method  to  realize  smaller  and  more  inexpensive 
stereolithography  systems[4].  In  the  system,  a  discharge  lamp  is  used  as  a  UV  light  source, 
and  to  make  the  fabrication  time  shorter,  multiple  exposure  spots  are  employed.  Using  this 
method,  the  small-sized  stereo-lithography  system  can  be  realized  economically.  In  this  paper, 
the  principle  of  the  method,  hardware  and  software  of  the  experimental  system  and  some 
results  of  experiences  are  mentioned. 
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2.  PRINCIPLE  OF  OPERATION 


Fig.l  shows  the  configuration  of  the  system.  The  UV  light  from  the  discharge  lamp  is 
introduced^  the  quartz  optical  fibers.  The  fibers  are  arranged  at  the  optical  head  and  consists 
the  emitting  unit.  Images  of  their  output  ends  are  formed  on  the  surface  of  the  resin.  The  light 
emission  of  each  fiber  is  controlled  by  the  electromagnetic  shutter  independently.  The  shutter 
is  consisted  of  the  electric  solenoid  and  the  thin  metal  blade.  The  optical  head  is  moved  by  the 
signal  from  the  computer.  As  it  moves,  the  data  of  sectional  pattern  are  applied  to  each  shutter 

of  the  fiber. 


Fig.l  Schematic  diagram  of  the  system. 


In  general,  two  methods  to  make  2-D  pattern  exist  :  masking  method  and  spot¬ 
scanning  method.  Masking  method  needs  active  optical  mask.  But  no  such  masks  are  available 
on  the  market.  So  we  adopted  spot-scanning  using  optical  fibers  as  flexible  optical  paths.  To 
make  use  of  light  effectively,  the  multiple  fiber  system  is  employed. 

In  the  computer,  3-D  CAD  data  are  sliced  mathematically  and  sectional  patterns, 
then  these  patterns  are  converted  to  the  pixel  image  by  painting  process  and  stored  in  the 
buffer  memory  one  by  one.  As  the  optical  head  moves,  the  light  pattern  at  the  head  is 
controlled  by  the  shutters  according  to  the  sectional  image  in  the  memory.  The  pixel  data  of 
corresponding  position  of  each  optical  fiber  are  read  out  from  the  memory  and  given  to  the 
optical  shutters. 
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After  exposing  whole  the  surface,  the  table  goes  down  by  the  thickness  of  one  layer. 
The  new  liquid  resin  layer  covers  the  solidified  layer,  and  next  exposure  is  done  using  next 
sectional  image.  The  thickness  is  same  as  that  of  slicing  of  the  CAD  data  and  is  less  than  the 
depth  of  solidification.  So  the  solidified  layers  unite  each  other  firmly. 


One  of  the  difficulties  of  the  system  is  the  existence  of  gaps  between  fibers.  The  gaps 
cause  the  non-solidified  part  and  prevent  making  models  perfectly.  Filling  up  of  them  is  done 
by  the  software  and/or  hardware  technology.  The  gaps  between  each  fiber  at  the  optical  head 
are  considerably  broad  because  of  the  clad  and  the  guard  sheath  of  the  optical  fiber.  So  the 
trace  of  the  optical  head  also  has  very  broad  gaps.  In  this  system,  to  fill  the  broad  gap  between 
the  traces,  two  methods  are  adopted.  In  one  method,  as  shown  in  Fig.2(a),  after  scanning  in  X 
axis,  the  head  moves  by  one  pixel  in  the  Y  axis.  Next  scan  runs  between  the  last  traces.  If  the 
gap  is  more  than  one  pixel,  this  scanning  are  repeated  until  the  gap  are  buried.  In  another 
method,  as  shown  in  Fig.2(b),  the  fiber  array  is  set  oblique  to  the  scanning  direction.  On 
scanning,  close  exposure  between  each  trace  is  established.  By  adjusting  the  angle  of  the  head, 
the  pitch  of  the  traces  can  be  changed  freely. 


(a)array  with  gaps 


(b)array  without  gap 


Fig.2  Scanning  path. 

The  finest  width  or  diameter  of  solidified  part  is  determined  by  the  diameter  of  the 
light  spot  imaged  on  their  surface.  To  make  fine  structure,  the  image  of  the  fiber  end  should  be 
as  small  as  possible. 

3.  EFFICIENCY  OF  LIGHT  COLLECTION 

The  light  from  a  discharge  lamp  is  dispersive,  so  it  is  impossible  to  concentrate  it  at  a 
spot.  Fi°.3  shows  the  optics  of  the  system.  A  lens  is  used  to  collect  and  concentrate  the 
dispersing  light.  Let  the  focal  length  of  the  lens  be/,  the  diameter  of  it  be  D,  radiance  of  the 
light  source  be  B,  and  magnification  of  the  image  be  m.  Then  the  irradiance  E  of  the  image  is 
generally  expressed  as  follows, 

E  =7t  B(D/ff/4(l+m)2  W 
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Optical 


Resin 


Fig.3  Optics  of  the  light  source. 

At  the  input  end  of  the  optical  fiber,  the  dispersive  light  from  the  lamp  is  collected  to 
the  core  of  the  optical  fiber.  The  optical  fiber  can  accept  only  limited  light  which  has  restricted 
ngle  offacfdJe.  Le,  the  maximum  incident  angle  be  0r.  To  transfer  all  the  light passing 
through  the  lens  aperture  to  the  optical  fiber,  the  distance  b  between  the  lens  1  and  the  fiber 

end  should  be  ^ \ 

b  =  (D/ 2)/tan  6m  K  ’ 

As  the  magnification  m  is  m=b/a=(b/f)- 1,  using  eq.(l), 


E  =7t  Btan2  6„ 


(3) 


The  radiant  energy  0  transmitted  by  the  optical  fiber  is  the  product  of  E  and  the  area  of  the 

C°re5'  <p  -ft  SBt&n2  6  (4) 

To  improve  ~ &,  it  ^necessary  to  select  the  optical  fiber  having  large  0mand  S  The  distance 

between  the  lamp  and  the  lens  1  is  calculated  so  as  to  make  the  image  of  the  hgh.  source  on 
the  fiber  end.  The  length  of  the  optical  system  is  a+b.  To  minimize  this,  condition  / 

necessary,  because  a+b=bf/(b-f)+b. 

At  the  output  of  the  optical  fiber,  according  to  eq.(l),  f/D  and  m  should  be  small  to 
maximize  the  light  quantity  on  the  resin.  f/D  can  be  make  smaller  by  selecting  the  lens,  and  m 
can  be  small  by  adjusting  the  optical  system. 

4.  EXPERIMENTS 

In  the  experimental  system,  a  X-Y  plotter  was  used  and  the  optical  head  was  attached 
instead  of  its  pen.  A  150W  Hg-Xe  discharge  lamp(HAMAMATSU  Co.  L24SV '  as  e 
lioht  source  and  five  quartz  optical  fibers  with  core  diameter  0.4mm  were  used.  The  resin  was 
M)EKA  HS-673.  The  system  was  controlled  by  a  personal  computer  throug  sen 

parallel  interface. 
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To  measure  the  resolution  and  the  solidification  rate,  the  resin  was  exposed  by  single 
fiber  As  illustrated  in  Fig.4,  thin  glass  plate  is  set  afloat  on  the  surface  of  the  resin.  The 
transmission  rate  of  the  plate  is  about  92%  with  UV  and  visible  light.  Fig.5  shows  the  relation 
between  the  irradiation  time  versus  the  diameter  and  depth  of  solidified  part.  With  visible  light, 
the  exposure  time  is  improved. 


Light  beam 


Surface 
of  resin 


Fig.4  Illustration  of  the  shape  of  solidified  resin. 

In  a  example  of  commercial  system  using  a  100  mW  UV  laser,  a  layer  0.08  mm  m 
diameter  and  0.2  mm  in  thickness  is  solidified  at  scanning  speed  of  770  mm/sec.  the  volume 
production  rate  is  9.7  mm3/sec.  From  Fig.5,  our  system  produces  0.58  mm  in  2  sec.  So  about 
34  fibers  are  equivalent  to  the  ability  of  100  mW  UV  laser. 


E 

E 


Q 


Fig.5  Relationship  between  the  size  of  the  solidified  resin  and  irradiation  time. 
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Fig. 6  shows  examples  of  3-D  objects  made  by  the  system.  Five  spots  with  0.5  mm 
diameter  were  used,  and  gaps  between  spots  were  4  mm.  The  exposure  time  in  each  spot  was 
2  sec. 


Fig.6  An  example  of  3-D  object. 


5.  CONCLUSION 

By  using  a  discharge  UV  lamp  economical  and  small-sized  stereolithography  system 
can  be  realized,  and  the  multiple  spot  exposure  method  leads  to  high  fabrication  speed.  The 
resolution  of  this  system  is  determined  by  the  spot  size  of  optical  fiber.  Generally  the 
incoherent  light  can  not  be  concentrated  without  energy  loss.  The  finer  the  spot  size,  the  less 
the  total  optical  power.  So  the  proposed  method  may  be  suited  to  the  rough  models. 
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ABSTRACT 


SRI  International  in  collaboration  with  Saint-Gobain/Norton  Industrial  Ceramics 
Corporation  and  Allison  Engine  Company  is  developing  a  new  SIT  process.  Direct  Photo 
Shaping,  for  the  fabrication  of  functional  ceramic  components.  The  process  is  based  on  the  layer- 
by-layer  photocuring  of  ceramic  slurries  containing  monomers  curable  by  visible  light.  Each  layer 
is  photoimaged  by  a  liquid  crystal  display  (LCD)  or  a  digital  light  processing  (DLP)  projection 
system.  After  binder  removal  and  sintering,  the  properties  of  silicon  nitride  tiles  prepared  according 
to  the  Direct  Photo  Shaping  process  were  found  to  be  comparable  to  properties  of  tiles  formed  by 
conventional  methods. 


INTRODUCTION 


Rapid  prototyping  is  presently  being  applied  to  the  fabrication  of  nonstructural  materials  by 
means  of  computer-aided  design/computer-aided  manufacturing  (CAD/CAM)  technology,  wherein 
computer  files  descriptive  of  the  object  are  used  to  create  parts  made  from  materials  such  as  U  V- 
curable  polymers.  The  components  fabricated  in  this  fashion  are  considered  nonfunctional,  and 
their  main  application  is  for  iterative  design  evaluation  in  molding  making.  There  is  an  increasing 
demand  to  extend  rapid  prototyping  technology  to  the  fabrication  of  functional  components  with 
engineering  properties  and  dimensional  tolerances  comparable  to  those  of  conventionally  produced 
components.  - 

The  development  of  solid  freeform  fabrication  (SFF)  manufacturing  technology  is  expected 
to  allow  the  fabrication  of  functional  prototypes  from  advanced  ceramic,  metallic,  and  multiphase 
materials  for  structural  and  electronic  applications.  The  SFF  approach  to  net  shape  forming  holds 
great  promise  for  rapid  prototyping  of  ceramic  components  through  simplification  of  the 
processing  cycle  (e.g.,  elimination  of  the  time  consuming  steps  of  pattern  making  and  mol 
fabrication). 

In  this  paper  we  describe  a  new  SFF  process.  Direct  Photo  Shaping,  and  its  use  for  the 
fabrication  of  silicon  nitride  components. 
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DIRECT  PHOTO  SHAPING  PROCESS 


The  Direct  Photo  Shaping  process  is  described  in  Figure  1.  A  liquid  crystal  display  (LCD) 
or  a  digital  light  processing  (DPL)  projection  system  are  used  as  an  electronic  mask  to  build 
lithographic  images  onto  a  photopolymerizable  sluiry  containing  ceramic  powder.  A  visible  light 
source  is  coupled  with  the  projection  system.  The  image  to  be  projected  is  changed  according  to 
the  CAD  model  information.  The  photopolymerizable  slurry  contains  the  ceramic  powder,  a 
dispersant,  photocurable  monomers,  and  a  visible  light  initiator.  The  slurry  is  dispensed  onto  the 
build  platform  and  leveled  with  a  doctor  blade.  Each  film  is  photoexposed  by  visible  light 
projection.  After  each  exposure,  a  new  film  of  photopolymerizable  dispersion  is  applied  on  the 
build  platform.  When  the  fabrication  is  complete,  the  green  ceramic  body  is  removed  from  the 
platform  and  rinsed  with  a  suitable  solvent  to  dislodge  any  uncured  material. 

The  ceramic  forming  process  is  based  on  photo-gelcasting,  since  the  green  body  is  formed 
by  photocuring  of  a  slurry  of  the  ceramic  powder  in  a  solution  of  photopolymerizable  monomers. 
Gelcasting  [1]  has  been  shown  to  produce  complex- shaped,  near-net-shape  parts.  Gelcast  green 
bodies  are  generally  strong  and  machinable,  and  after  sintering,  highly  dense  ceramic  parts  are 
obtained. 


CM-320581  -331 


Figure  1.  Schematic  illustration  of  the  Direct  Photo  Shaping  process. 
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EXPERIMENTAL 


Powder  Production 

Silicon  nitride  powder  (Ube  Industries,  Yamaguchi,  Japan)  and  4  wt%  Y203  sintering  aid 
were  coprocessed  by  aqueous  milling  to  reduce  the  particle  size  and  to  homogeneously  distribute 
the  sintering  aid.  Milled  slurries  were  passed  through  a  magnetic  separator  to  remove  iron 
contamination  and  were  then  filtered  and  concentrated.  The  concentrated  slurries  were  dried  by- 
freeze  drying.  Details  of  the  powder  processing  have  been  previously  described  [2] . 


Ceramic  slurry 

Ceramic  slurries  were  prepared  by  ball-milling  the  silicon  nitride  powder  in  the 
photocurable  monomers,  after  addition  of  a  suitable  dispersant,  a  solvent/plasticizer  and  the 
photoinitiator.  The  viscosity  of  the  ceramic  slurries  was  determined  with  a  Brookfield  DV-II+ 
viscometer. 


Component  Fabrication 

Tiles  (3”x3”x0.5”)  were  formed  according  to  three  different  methods  to  compare  their 
mechanical  properties.  Tiles  were  prepared  by  multilayer  deposition  and  photoexposure  to  a  quartz 
tungsten-halogen  lamp.  The  photocurable  slurry  comprised  of  68  wt%  silicon  nitride,  a  suitable 
dispersant,  photocurable  monomers,  plasticizer,  and  a  visible  light  photoinitiator.  Each  layer 
applied  was  2  mil  thick.  Additionally,  tiles  were  formed  by  either  uniaxially  pressing  the  dry 
powder  followed  by  isostatic  pressing  (30  ksi)  or  by  thermally  curing  (120°C)  monolithic  tiles 
formed  from  a  slurry  of  the  same  composition  as  used  for  the  SFF  process. 

Other  complex  shape  samples  were  prepared  by  direct  photoexposure  using  a  1000  watt 
xenon  arc  lamp  from  Oriel  Corporation,  Stratford,  CT  with  a  filter  that  allows  only  the 
transmission  of  radiation  from  420  nm  to  630  nm,  and  reduces  thermal  effects. 

Binder  solvent  was  removed  from  the  photocured  samples  by  heating  in  air  to  450°C  over 
48  hours  and  then  heating  to  650°C.  Samples  were  presintered  to  improve  their  handling  strength 
after  the  binder  removal  and  were  then  densified  by  HIPing  using  glass  encapsulation. 


Sample  Characterization 

Samples  for  microstructural  evaluation  were  prepared  by  polishing  fracture  surfaces  and 
then  plasma  etching  using  a  95%  CF4/5%  02  carrier  gas  [3].  This  etching  technique  removes  the 
Si3N4  and  leaves  the  intergranular  phases.  Sintered  densities  were  measured  in  deionized  water 
using  the  Archimedes  method. 

Specimens  for  flexure  testing  were  machined  either  to  1.5  mm  x  2  mm  x  25  mm  or  3  mm  x 
4  mm  x  50  mm  size.  Specimens  were  cut  both  parallel  and  perpendicular  to  the  deposition 
direction.  In  both  cases  the  lamination  direction  was  parallel  to  the  long  dimension.  Flexure 
strength  was  measured  by  four-point  bending  in  accordance  with  ASTM  method  Cl  161. 

Hardness  was  measured  with  a  Vickers  diamond  indenter  at  a  load  of  0.5  kg.  Fracture  toughness 
was  measured  by  both  the  indentation  method  and  the  controlled  flaw  method. 
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RESULTS 


By  pretreating  the  silicon  nitride  powder  with  a  suitable  dispersant,  we  were  able  to  prepare 
slurries  containing  silicon  nitride  up  to  55  vol%.  These  slurries  were  photocured  as  thin  strong 
films.  The  typical  working  thickness  of  each  layer  used  in  our  multilayer  deposition  process  was 
about  2  to  4  mil.  The  slurry  composition  was  optimized  to  improve  interlayer  adhesion  and 
eliminate  any  possible  delamination  during  debinderization.  This  was  achieved  by  reducing  the 
layer  stiffness  and  using  additives  to  produce  a  tacky  top  layer.  This  optimization  allowed  us  to 
prepare  freeformed  tiles,  that  after  debinderization  and  densification,  were  found  to  have 
mechanical  properties  comparable  with  that  of  silicon  nitride  pressed  samples. 

After  binder  removal,  the  samples  showed  no  blistering  or  discoloration  and  tiles  prepared 
with  the  optimized  slurry  composition  showed  minimal  delamination.  Carbon  analysis  showed  no 
residual  carbon.  After  HIPing  the  samples  were  >98%  dense,  as  shown  in  Table  1,  and  no 
evidence  of  the  original  layers  was  observed  by  SEM  examination  of  cross-sectional  surfaces  of 
the  SFF  tile.  Figure  2  shows  representative  etched  surfaces  for  a  sample  prepared  by  the  SFF 
method  and  for  a  tile  formed  by  dry  pressing.  Both  samples  show  a  pronounced  bimodal 
distribution  of  grain  sizes  and  as  is  typical  of  in  situ  reinforced  Si3N4  show  a  pronounced  acicular 
microstructure. 

Figure  3  shows  two  representative  silicon  nitride  green  parts,  SRI  and  DARPA  logos,  that 
were  initially  selected  to  demonstrate  the  feasibility  of  Direct  Photo  Shaping  to  build  multilayers 
with  variable  cross-section  and  contours. 


Mechanical  Properties 

Table  1  summarizes  the  mechanical  property  data  for  tiles  formed  by  dry  pressing,  thermal 
gel  casting  a  monolithic  tile  and  layered  tiles  formed  by  the  solid  free  form  method.  The  three 
forming  techniques  were  used  to  assess  the  effect  of  the  forming  technique  on  the  mechanical 
properties  and  to  verify  that  the  solvent  and  polymers  could  be  removed  without  deleteriously 
affecting  the  densification  and  the  mechanical  properties.  In  many  cases,  the  gelled  monolithic  tiles 
could  be  processed  to  near  full  density  and  the  mechanical  properties  were  comparable  to  those 
measured  for  tiles  formed  by  dry  pressing.  This  indicated  that  the  organic  solvents/polymers  could 
be  removed  without  affecting  the  mechanical  properties  of  the  Si3N4.  In  some  cases  the 
monolithic  samples  showed  lower  densities  and  strengths  than  the  dry  pressed  and  layered 
samples;  this  was  attributed  to  slight  differences  in  the  HIPing  cycles  which  were  used  for  these 
samples.  The  sample  formed  by  the  solid  free  form  technique  showed  similar  properties  to  the  dry 
pressed  samples  with  MOR  values  slightly  in  excess  of  1  GPa.  The  flexure  strengths  for  the 
lavered  tiles  were  not  dependent  on  the  orientation  relative  to  the  casting  direction.  Fracture 
toughness  measured  by  Vickers  indentation  was  4.0  MPa  m1/2  for  the  dry  pressed  samples  and  4.5 
MPa  m1/2  for  the  solid  freeform  sample.  Fracture  toughness  as  measured  by  controlled  indentation 
was  slightly  higher,  as  is  typically  observed,  and  was  comparable  to  values  previously  reported  on 
optimized  slip  cast  material  of  the  same  composition  [1]. 
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Table  1 


SUMMARY  OF  MECHANICAL  PROPERTY  DATA  FOR  TILES  FORMED  BY 
UNIAXIAL  PRESSING,  THERMAL  GELATION  AND  LAYER-BY-LAYER 
FABRICATION  METHOD 


Density 

Hardness 

KIC(MPa  Vm) 

MOR  (MPa) 

fiSSSsS  91 

Sample 

Forming 

(g/cc) 

(GPa) 

Indent 

Indent 

Fracture 

3x4x50 

mm 

1.5x2x 
25  mm 

beta 

n 

C012 

Press 

3.22 

17.0 

4.0 

5.9 

844 

937 

23 

30 

L08 

Press 

3.22 

15.5 

4.0 

6.1 

832 

976 

24 

30 

L02 

Gelled 

3.22 

NA 

NA 

5.2 

839 

NA 

NA 

NA 

L08 

Gelled 

3.10 

15.8 

3.8 

4.1 

580 

779 

13 

13 

#202a 

SFF 

3.21 

16.5 

ESI 

NA 

NA 

1018 

16 

15 

#202b 

SFF 

NA 

NA 

NA 

NA 

NA 

1052 

25 

15 

Note:  Specimens  for  202a  were  cut  so  that  the  casting  planes  were  parallel  to  specimen 

faces;  specimens  for  202b  were  cut  so  that  the  casting  planes  were  perpendicular  to 
the  specimen  faces.  In  both  cases  the  lamination  direction  was  parallel  to  the  long 
dimension  of  the  specimen. 


CONCLUSIONS 

We  have  described  a  new  SFF  process.  Direct  Photo  Shaping,  based  on  the 
additive  fabrication  of  layers  photoimaged  by  a  liquid  crystal  display  (LCD)  or  a  digital 
light  processing  (DLP)  projection  system.  By  optimizing  the  slurry  composition  we 
fabricated  layers  that  adhered  to  each  other  and  showed  minimal  delamination  after 
removing  the  binder.  Mechanical  properties  of  silicon  nitride  tiles  prepared  according  to  the 
Direct  Photo  Shaping  process  were  comparable  to  properties  of  tiles  formed  by  dry 
pressing  and  were  slightly  in  excess  of  1  GPa. 
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I 

Figure  2.  Representative  microstructures  of  (a)  a  sample  prepared  according  to 

Direct  Photo  Shaping  process  and  (b)  a  sample  prepared  by  uniaxially  pressing. 
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Fused  Deposition  of  Ceramics  is  an  SFF  technique  based  on  commercial  FDM™  technology,  for 
fabrication  of  structural  and  functional  ceramic  components.  This  study  describes,  in  detail, 
process  improvements  made  in  pre-FDC,  FDC,  and  post-FDC  fabrication  steps  to  achieve 
functional  properties  in  commercial  GS-44  silicon  nitride  components.  Microstructural 
characterization  of  sintered  FDC  parts  reveals  microstructures  similar  to  conventionally  processed 
silicon  nitride  material.  Mechanical  properties  of  FDC  processed  silicon  nitride  bend  bars  and 
toughness  samples  were  evaluated.  These  property  evaluation  studies  demonstrate  that  mechanical 
properties  similar  to  commercial  GS-44  silicon  nitride  materials  can  be  achieved  using  FDC.  The 
study  also  describes  results  achieved  on  fabrication  of  complex  components  from  silicon  nitride 
using  FDC. 


I.  Introduction 

Most  of  the  SFF  techniques  have  been  commercialized  for  fabrication  of  polymer  and 
plastic  parts  for  design  verification  and  form  and  fit.  Recently,  some  of  these  techniques  are  being 
explored  for  fabrication  of  structural  metal  and  ceramic  components  [1].  Direct  fabrication  of  parts 
and  molds  from  metals  and  ceramics  using  the  SFF  techniques  has  created  an  opportunity  to  reduce 
lead  times  and  costs  in  the  development  of  new  products.  Such  an  opportunity  for  manufacture  of 
new  ceramic  parts  in  a  matter  of  days  offers  several  advantages  over  conventional  ceramic 
processing  which  can  take  weeks  or  months  to  produce  the  parts  or  complex  tooling  for  the  parts. 
The  ability  to  do  cost  effective,  iterative  design  using  SFF  techniques  enables  designers  to  create 
components  using  ceramic  design  guidelines  from  the  start  rather  than  components  designed  for 
metals.  Some  of  these  SFF  techniques  have  been  developed  for  ceramic  part  manufacture  and  are 
commercially  used  in  production  of  parts  [1].  One  such  technique  called  Fused  Deposition  of 
Ceramics  (FDC)  has  been  developed  and  demonstrated  for  structural  ceramics  [2-6].  FDC  is  based 
on  an  existing  Fused  Deposition  Modeling  (FDM™)  technology,  commercialized  by  Stratasys 
Inc.,  for  processing  of  polymers  and  waxes  [1,7,8]. 

Fused  Deposition  of  Ceramics  (FDC) 

Fused  Deposition  of  Ceramics  (FDC)  has  been  developed  to  create  functional  ceramic 
components  using  ceramic-polymer  feedstocks  [2-4].  These  feedstocks  are  extruded  into  filaments 
of  0.070"  nominal  diameter,  which  are  then  used  as  the  feed  material  for  fabrication  of  three- 
dimensional  green  ceramic  objects  using  a  commercial  FDM™  system,  3D  Modeler™.  During 
FDC  processing,  the  polymer/wax  acts  as  a  carrier  and  binder  for  the  ceramic  particles  as  the 
material  flows  out  of  the  heated  extruder  head.  The  green  ceramic  object  thus  created  is  then 
subjected  to  conventional  binder  removal  and  sintering  processes,  to  produce  fully  dense  structural 
ceramic  components.  As  in  the  case  of  any  manufacturing  process,  there  are  several  inter-related 
process  variables  which  determine  the  success  and  quality  of  parts  fabricated  by  FDM™  and  FDC 
processes.  Poor  control  and  optimization  of  these  variables  results  in  the  presence  of  flaws/voids 
in  the  parts  which  are  detrimental  to  the  structural  properties  of  the  part. 
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The  FDM™  process  was  originally  designed  for  wax  and  polymer  materials  to  serve  the 
purposes  of  form  and  fit  and  positives  for  investment  casting.  Consequently,  of  chief  importance 
to  the  end  users  is  the  external  dimensional  accuracy  and  to  some  extent,  surface  finish  of  the  final 
parts.  The  presence  of  internal  defects  in  parts  built  by  FDM™  has  not  been  a  priority  in  the 
development  of  the  FDM™  process.  The  prevention  or  elimination  of  these  defects,  such  that 
ceramic  components  with  functional  engineering  properties  could  be  made  by  FDC,  is  the  focus  of 
current  FDC  research  [5,6].  As  will  be  shown  here,  structural  properties  have  been  obtained  in  a 
commercial  grade  silicon  nitride  through  process  control  at  every  stage  of  the  FDC  process. 
Further,  it  is  shown  that  it  is  possible  to  rapidly  fabricate  complex  shaped  ceramic  components. 

II.  Development  of  Green  Filaments  for  FDC 

Successful  FDC  processing  starts  with  fabricating  filaments  of  0.070"  ±  0.001"  diameter  to 
be  used  as  feed  material  in  the  FD  hardware.  However,  for  a  filament  material  to  be  suitable  for 
FD  processing,  it  must  possess  certain  thermal  and  mechanical  properties  [4,8].  The  key  variables 
that  require  careful  attention  and  simultaneous  optimization  in  developing  the  filaments  for  FDC 
processing  are:  viscosity  and  adhesion  behavior  of  the  material,  and  the  flexural  modulus  and 
strength  of  the  filaments.  By  tailoring  the  ceramic  particle  characteristics  and/or  binder  chemistry 
the  properties  can  be  optimized  in  ways  similar  to  that  used  by  the  ceramic  injection  molding 
industry.  Based  on  the  constraints  imposed  by  these  variables  for  FDC  processing,  a  series  of 
thermoplastic  binders  have  been  developed  to  enable  FDC  processing.  These  binders,  called  the 
RU  series  of  binders,  are  four  component  systems  in  which  the  amount  of  each  component  was 
tailored  to  achieve  appropriate  viscosity,  adhesion  behavior,  flexibility  and  stiffness  in  the  final 
ceramic  filament.  Table  I  shows  the  four  components  of  the  RU  series  of  binder,  the  role  each 
component  plays  in  the  mixed  system,  and  weight  percent  range  of  each  component.  Appropriate 
tailoring  of  these  components  along  with  the  selection  of  a  suitable  surfactant  for  the  specific 
particle  system  being  used  have  enabled  FDC  processing  of  several  ceramic  systems  [3]. 

The  work  reported  here  is  based  on  FDC  using  an  in-situ  reinforced  silicon  nitride,  referred 
to  as  GS-44*.  The  GS-44  powder  is  pre-treated  with  3  weight  %  oleyl  alcohol  which  serves  as  an 
appropriate  dispersant  for  GS-44  [4],  RU9  and  RU1 1  binder  formulations  were  used  in  this  study 
for  GS-44.  RU9  formulation  contains  20.25%  wax,  18.75%  polymer,  34.5%  tackifier,  and 
26.5%  elastomer  while  the  RU11  formulation  contains  27%  wax,  30%  polymer,  21%  tackifier, 
and  22%  elastomer  by  weight  Mixing  of  the  required  amount  of  GS-44  powder,  pre-treated  with 
dispersant,  with  the  binders  was  done  using  a  torque  rheometer  mixer.  GS-44/binder  feedstocks 
containing  55  volume  %  GS-44  were  used  for  FDC  processing.  The  compounded  feedstock  was 

granulated  and  sieved  for  filament  extrusion.  Continuous  lengths  of  0.070"  ±  0.001"  diameter 
flexible  filaments  were  fabricated  using  a  single  screw  extruder  and  wound  onto  a  spool  [4], 

III.  FDC  Processing 

FDC  processing,  using  commercial  FDM™  systems,  employs  the  same  build  strategies 
used  in  FDM™  processing  of  polymers.  First,  material  is  deposited  as  a  perimeter  defining  the 
boundaries  of  a  given  layer  of  the  part  followed  by  raster  motion  of  the  liquefier  head  depositing 
material  inside  these  boundaries  as  a  series  of  adjacent  roads.  This  two  step  strategy  is  repeated 
layer-by-layer,  creating  a  three-dimensional  green  ceramic  part.  Therefore,  any  debonding 
between  adjacent  roads  and  adjacent  layers,  or  incomplete  filling  of  any  regions  of  the  part  will 
result  in  property  limiting  defects  in  the  final  sintered  ceramic  parts.  Strength  or  property  limiting 
defects  in  FD  processed  parts  have  three  primary  causes. 


*  AlliedSignal  Ceramic  Components,  Torrance,  California 
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•  Surface  defects  such  as,  surface  finish,  stair  step  formation,  etc.  due  to  limitations  in  the  current 
state  of  all  SFF  technologies. 

•  Internal  defects  due  to  poor  optimization  of  feed  filament  material,  i.e.  non-uniform  flow  rate. 

•  Internal  defects  due  to  current  FDM™  hardware  and  software  limitations. 

Surface  defects  arising  in  FDC  parts  due  to  poor  surface  finish  inherent  to  SFF  processing 
have  been  eliminated  via  post-FDC  surface  finishing  operations,  as  is  a  common  practice  in  most 
SFF  processing  applications.  As  shown  in  Figure  1,  the  green  FDC  GS-44  S^N4  parts  fabricated 
using  RU  binders  do  not  exhibit  any  delamination  or  any  debonding  between  adjacent  roads. 
Microstructurally,  individual  roads  and  layers  are  indistinguishable  in  the  green  state.  Several 
internal  defects  were,  however,  observed  in  the  early  FDC  processed  parts.  Defects  arising  due  to 
poor  control  of  filament  diameter  and  poor  FDC  process  optimization  have  been  eliminated  by 

better  control  of  filament  diameter  (to  ±  0.001")  during  fabrication  by  single  screw  extrusion  and 
by  optimization  of  FDC  processing  conditions.  However,  two  key  defects  remained,  namely,  sub¬ 
perimeter  voids  and  inter-road  defects.  These  were  largely  due  to  limitations  in  the  current  FDM™ 
build  strategy  and  FDM™  system  hardware  and  software.  Defects  arising  due  to  these  limitations 
have  also  been  observed  in  commercial  FDM™  wax  and  polymer  materials  [5]. 

Sub-Perimeter  Voids:  During  raster  filling  of  a  layer,  voids  are  left  due  to  incomplete  filling  at 
points  where  the  raster  segment  turns  around  at  the  perimeter.  The  FDM™  system  generates  tool 
paths  with  sharp  turns  in  the  build  file  for  complete  filling  at  these  locations.  However,  due  to  the 
constant  velocity  of  the  liquefier,  the  actual  liquefier  tool  path  during  deposition  is  curved.  The 
result  of  such  an  action  is  incomplete  material  fill  at  these  intersections.  The  size  and  occurrence  of 
the  sub-perimeter  void  depends  on  the  build  conditions  (road  width  and  thickness,  and  liquefier 
head  speed)  and  the  angle  between  the  raster  line  and  the  perimeter  curve  [6],  Figure  2  shows 
schematically  how  these  voids  are  created  and  strategies  that  have  been  implemented  to  eliminate 
them,  discussed  below. 

Since  sub-perimeter  voids  are  predictable  and  the  cause  of  their  existence  is  known  exactly, 
several  solutions  are  feasible  for  eliminating  them.  A  simple  way  of  eliminating  these  defects  is  to 
give  a  negative  offset  to  the  perimeter.  This  results  in  the  liquefier  head  "plowing"  into  the 
perimeter  during  raster  motion,  as  shown  in  Figure  2b,  ensuring  void-free  parts.  However,  the 
negative  offset  to  the  perimeter  needs  to  be  optimized  for  each  build  condition  such  that  the 
"plowing"  action  does  not  result  in  excessive  flow  of  material  at  these  locations.  An  alternative 
solution  is  to  alter  the  tool  path  such  that  the  actual  tool  path  does  not  leave  any  unfilled  regions. 
This  approach  includes  extending  the  comers  of  raster  segment  turns,  at  the  perimeter,  closer  to  the 
perimeter  [6],  Figure  2c.  Such  a  change  in  the  tool  path  in  the  build  file  results  in  an  actual  tool 
path  motion  which  is  a  closer  approximation  of  the  sharp  turn  rather  than  the  curved  turn.  This 
solution  of  altering  the  path  of  raster  segment  at  the  intersection  with  the  perimeter  has  recently 
been  developed  and  implemented  successfully  for  FDC. 

Inter-Road  Defects:  Defects  between  adjacent  roads  (inter-road  defects)  can  occur  in  one  of  two 
following  forms  :  1)  if  there  is  no  physical  contact  between  adjacent  roads,  defects  will  be  present 
as  voids  between  adjacent  roads,  which  can  be  easily  observed  in  the  green  state,  or  2)  if  there  is 
physical  contact  between  adjacent  roads  but  the  bonding  between  them  is  not  strong,  then  the 
defect  between  adjacent  roads  may  be  present  as  a  weak  interface.  Such  a  weak  interface  is  not 
easily  observed  in  the  green  state  but  can  cause  serious  damage  to  the  structural  integrity  of  the  part 
during  binder  removal  and/or  sintering.  These  inter-road  defects  result  from  various  sources. 

Poor  bonding  between  adjacent  roads  can  arise  from  inconsistent  material  flow  due  to 
variation  in  filament  diameter  or  filament  slippage  between  rollers.  This  has  been  overcome  by 
fabrication  of  filaments  with  controlled  diameter  and  by  optimization  of  the  roller  drive  system. 
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respectively.  Inter-road  defects  also  arise  due  to  excessive  cooling  of  previously  deposited 
adjacent  roads  when  the  road  vector  length  is  large.  This  is  analogous  to  poor  sintering  between 
adjacent  scan  lines  in  SLS  or  print  lines  in  3D  Printing  when  the  vector  lengths  are  large  [1].  As 
done  in  SLS  and  3D  Printing,  bonding  between  long  vector  length  raster  segments  in  FDC  parts 
has  been  improved  by  providing  a  negative  gap  between  roads  such  that  the  roads  partially  overlap. 
Further  improvements  in  inter-road  bonding  have  been  made  by  optimizing  the  build  environment 
temperature  and  optimization  of  the  amount  of  tackifier  in  the  binder  chemistry  to  provide  for 
optimum  adhesion  and  hence  bonding  characteristic. 

Defect  Free  FDC  Processing:  A  series  of  square  cross-section  (1/2"  X  1/2")  bars  were 
fabricated  using  a  slice  thickness  of  0.01",  road  width  of  0.02",  negative  gap  between  roads  of 
0  002"  and  a  negative  offset  was  provided  to  the  perimeters  to  account  for  the  sub-perimeter  voids. 
FDC  of  GS-44/RU  binder  systems  was  done  at  150°C-155°C  at  a  liquefier  head  speed  of 
0.5 "/second.  These  bars  were  then  used  for  mechanical  property  evaluations  after  binder  removal 
and  sintering.  Fabrication  of  complex  components  by  FDC  was  demonstrated  by  fabrication  of  a 
top  section  of  a  tactical  missile  radome.  The  radome  .stl  file  was  scaled  up  by  20%  in  all  three 
directions  to  accommodate  the  shrinkage  during  sintering  and  surface  finishing  operations.  The 
file  was  then  sliced  using  a  slice  thickness  of  0.01"  and  then  truncated  in  the  Z-direction  to  obtain 
only  the  top  4.8"  of  the  scaled-up  version  of  the  radome.  The  scaled-up  radome  had  a  base 
diameter  of  3.1",  wall  thickness  of  0.075"  and  an  angle  of  inclination  of  approximately  72°.  The 
green  radome  was  fabricated  in  12  hours  without  the  need  for  any  support  structure  using  the  same 
FDC  conditions  used  for  1/2"  square  bars  mentioned  above.  However,  no  negative  gap  was 
provided  between  roads  as  the  vector  lengths  of  raster  segments  were  short  enough  to  allow 
complete  inter-road  bonding.  In  addition  to  bars  and  radome,  several  other  simple  and  complex 
shaped  parts  were  fabricated.  Figure  3. 

IV.  Binder  Removal  and  Sintering  of  FDC  Parts 

As  mentioned  earlier,  'the  RU  family  of  binders  being  used  for  FDC  are  multi-component 
with  different  thermal  degradation  temperature  ranges.  Table  I.  For  these  binder  systems,  binder 
removal  was  done  in  two  stages.  In  the  first  stage  (room  temperature  to  450°  C),  90  to  95  weight 
%  of  the  binder  was  removed  in  a  flowing  nitrogen  environment.  During  this  stage,  different 
heating  rates  were  used  in  different  temperature  intervals  to  prevent  surface  as  well  as  internal 
cracking  of  the  samples.  At  low  temperatures  (<  200  C),  liquid  binder  component(s)  were 
removed  via  capillary  action  to  the  surrounding  setter  bed  material  of  activated  charcoal,  in  a 
process  called  wicking.  Such  a  loss  of  binder  by  capillary  action  creates  surface  connected  internal 
pore  channels  that  make  further  removal  of  binder  much  easier  and  prevents  sample  cracking 
during  the  process.  At  a  higher  temperature  (200°C  to  450°C),  the  remaining  binder  was  removed 
by  evaporation  and  decomposition.  The  residual  binder  (5  to  10  weight  %)  after  the  first  stage, 
mostly  present  in  the  form  of  carbon,  was  removed  in  the  second  stage  of  the  binder  removal 
process  by  placing  the  sample  in  an  alumina  crucible  without  any  setter  bed  and  heating  in  air  to 
500  °C.  The  heating  rate  and  the  soaking  time  at  different  stages  are  dependent  on  the  size  and 
shape  of  the  part.  The  maximum  cross-section  FDC  samples  which  have  been  successfully 
processed  for  binder  removal  without  any  defects  are  currently  limited  to  l/2"Xl/2". 


TheGS-44raw  material  powder  contains  primarily  a-Si3N4  and  a  small  volume  (<10%) 
of  oxide  sintering  aids.  During  high  temperature  gas  pressure  sintering,  these  oxide  additives  melt 
and  provide  a  liquid  phase  for  densification  of  the  porous  compact.  As  densification  proceeds,  the 

a-Si3N4  transforms  to  (5-Si3N4  through  a  solution-reprecipitation  process.  When  densification  is 
complete,  the  sintering  aids  remain  in  the  grain  boundaries  as  amorphous  phases.  Sintering  of  the 
radome  section  was  done  in  a  machined  graphite  fixture  to  prevent  any  deformation  of  the  part. 
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V.  Physical  and  Mechanical  Properties 


Density:  The  properties  of  green,  brown,  and  sintered  FDC  square  cross-section  bars  were 
compared  with  similar  bars  fabricated  by  extrusion  of  GS-44  bars  with  the  same  binder  chemistry 
used  for  FDC.  Binder  removal  and  sintering  procedures  for  extruded  bars  were  the  same  as  those 
for  FDC  parts.  Iso-pressed  GS-44  samples  were  used  as  control  samples  for  property  comparison 
with  FDC  and  extruded  samples,  since  iso-pressing  of  GS-44  is  a  conventional  manufacturing 
approach  for  GS-44  silicon  nitride  components.  Bulk  densities  of  green  FDC  parts  initially  were 
85%-90%  due  to  internal  build  defects  arising  from  FDM™  build  strategy,  discussed  earlier.  After 
implementation  of  novel  strategies  to  eliminate  the  FDM™  related  build  defects,  the  bulk  densities 
of  green  FDC  parts  were  consistently  greater  than  96%.  As  shown  in  Table  II,  the  sintered 
densities  of  FDC  samples,  after  implementation  of  strategies  to  eliminate  build  defects,  were 
comparable  to  those  of  extruded  and  iso-pressed  samples. 

Shrinkage:  Shrinkage  measurements  in  FDC  samples  were  made  to  detect  anisotropy  between 
the  build  plane  (X-Y  plane)  and  the  build  direction  (Z  axis).  Significant  anisotropic  shrinkage 
behavior  is  commonly  observed  in  parts  fabricated  by  SFF  techniques  where  the  shrinkage  is 
greater  in  the  build  direction  than  in  the  build  plane  [1],  In  the  FDC  samples  in  this  study,  a  similar 
anisotropic  shrinkage  behavior  was  observed  between  the  build  direction  and  the  build  plane. 
Before  elimination  of  FDM™  related  build  defects,  the  linear  sintering  shrinkage  in  the  build  plane 
was  12-15%  while  that  in  the  build  direction  was  17-20%.  However,  after  implementation  of  the 
defect  eliminating  strategies,  this  anisotropy  in  shrinkage  has  been  reduced  with  average  build 

plane  shrinkage  of  16.6  ±  1.3%  and  the  build  direction  shrinkage  of  19.3  ±  1.6%.  It  has  been 
observed  that  the  degree  of  anisotropy  in  shrinkage  is  directly  related  to  the  total  defect  population 
in  the  parts.  Parts  with  low  defect  population  exhibit  a  smaller  degree  of  anisotropy  in  shrinkage 
compared  to  parts  with  higher  defect  population,  since  most  of  the  defects  typically  exist  between 
layers.  Therefore,  as  the  defect  population  decreases,  the  parts'  greater  isotropy  in  the  green  state 
translates  to  more  isotropic  shrinkage  upon  sintering.  Sintered  samples  with  densities  greater  than 
98%  theoretical  density  show  a  difference  of  2-3%  in  shrinkage  between  the  build  direction  and 
build  plane,  which  is  far  less  than  reported  by  other  SFF  techniques,  suggesting  a  more  uniform 
microstructure  in  FDC  processed  green  parts. 

Mechanical  Property:  ASTM  MilSpec  B  4-point  bend  tests  were  conducted  on  samples 
machined  from  extruded,  FDC  and  iso-pressed  GS-44  bars.  As  shown  in  Table  II,  average  bend 

strengths  of  824  ±110  MPa  measured  for  FDC  samples  are  comparable  to  those  for  extruded  and 
iso-pressed  samples.  Three  point  bend  test  were  also  canied  out  with  indented  samples  where  an 
indentation  was  created  by  applying  a  20  Kg  load  using  a  Vickers  indentor  on  the  tensile  surface  of 
the  sample.  This  test  gives  a  qualitative  idea  of  the  fracture  toughness  of  the  samples  where  a 
higher  failure  strength  indicates  a  higher  fracture  toughness.  As  shown  in  Table  II,  average 
indented  failure  strengths  indicate  similar  fracture  toughness  behavior  for  FDC,  extruded  and  iso- 
pressed  samples. 

Microstructure:  Sintered  FDC  parts  were  observed  under  optical  and  scanning  electron 
microscopes  (SEM)  to  evaluate  the  microstructures  for  the  following  :  (a)  FDC  build  related 
defects,  (b)  delamination  during  binder  removal  and  sintering,  (c)  evidence  of  road  and  layerwise 
build  strategies,  and  (d)  GS-44  S^Na  microstructure.  Figure  4  shows  SEM  fractographs  of  FDC 
and  iso-pressed  samples  tested  under  indented  three  point  bend  loading.  Although  some  FD 
defects  can  be  observed  on  the  fracture  surfaces  of  FDC  samples,  they  didn't  have  a  significant 
effect  on  the  failure  strength.  Other  than  a  few  FD  related  defects,  the  fracture  surfaces  of 
conventionally  and  FDC  processed  samples  appear  similar.  The  microstructures  in  the  directions 
perpendicular  and  parallel  to  build  direction  were  similar.  Individual  roads  and  layers  were 
indistinguishable.  There  were  no  discernible  signs  of  layerwise  fabrication. 
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As  shown  in  Figure  5,  the  sintered  FDC  radome  section  maintained  its  overall  conical 
shape  and  straight  sides  with  a  sintered  angle  of  inclination  of  71°.  The  sintered  wall  thickness 
was  0.065"  accounting  for  13.3%  linear  shrinkage  in  X-Y  build  plane.  The  sintered  base  diameter 
was  2.6"  leading  to  measured  shrinkage  in  the  diameter  at  base  of  16.1%.  The  shrinkage  in  build 
direction  (Z)  of  20.8%  was  slightly  greater  than  expected  shrinkage  of  20%,  with  the  final  vertical 
height  of  3.8".  Although,  the  density  of  the  radome  was  measured  to  be  greater  than  98%  of 
theoretical  density  of  GS-44,  several  defects  were  observed  on  the  surface  and  internally,  detected 
using  X-ray  radiography.  Most  of  these  defects  were  primarily  due  to  the  FD  build  approach  used. 

VI.  Conclusions 

GS-44  silicon  nitride  parts  have  been  formed  using  a  new  method,  Fused  Deposition  of 
Ceramics,  FDC.  Simple  and  complex  shapes  have  been  produced  with  high  green  density  after 
most  of  the  FDC  build  defects  were  eliminated.  The  process  has  been  developed  to  produce  green 
parts  with  largely  defect-free  internal  microstructures.  It  has  been  demonstrated  that  FDC  green 
parts  can  have  the  binder  removed  and  be  sintered  to  densities  and  strengths  comparable  to  those 
produced  by  conventional  ceramic  processing  approaches.  Development  of  such  a  process  as  FDC 
will  enable  ceramic  design  engineers  to  rapidly  fabricate  complex  shapes  and  verify  the  design  for 
not  only  form  and  fit  but  also  for  performance. 
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GS-44  without  binder.  Green  densities  of  extruded  and  FDC 
samples  correspond  to  bulk  density  of  samples  from  45  volume  % 
RU  binder  and  55  volume  %  GS-44  mix.  Therefore,  GS-44  bulk 
densities  in  extruded  and  FDC  samples  arc  >54%  and  >53%, 
respectively. 
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Figure  5:  Sintered  FDC  GS-44  samples,  including  two  tactical  missile  radome 


344 


Solid  Freeform  Fabrication  at  The  University  of  Connecticut 

by  Shay  Harrison,  James  E.  Crocker,  Tariq  Manzur,  and  Harris  L.  Marcus 


Institute  of  Materials  Science 
University  of  Connecticut 
Storrs,  CT  06269-3136 

Abstract 

Gas  phase  solid  freeform  fabrication  research  at  The  University  of  Connecticut  focuses 
on  two  main  procedures.  Selective  Area  Laser  Deposition  (SALD)  and  Selective  Area  Laser 
Deposition  Vapor  Infiltration  (SALDVI).  A  SFF  research  laboratory  is  under  construction  at 
UCONN,  with  two  new  operation  systems.  These  systems  possess  temperature  control,  data 
acquisition  capabilities,  in-situ  video  monitoring,  and  the  ability  to  fabricate  SALDVI  parts  up 
to  four  inches  wide  by  four  inches  long.  The  procurement  of  a  harmonic  generating  Nd:YAG  six 
watt  laser,  capable  of  producing  output  at  532,  355,  and  266  nanometer  wavelengths,  as  well  as  a 
coupled  effort  with  the  Photonics  Center  at  the  University  providing  laser  diodes  at  a  variety  of 
wavelengths,  presents  the  opportunity  to  explore  interactions  involved  in  gas  reactions  driven  by 
lasers.  Investigations  of  material  systems  will  include  ceramic  carbides,  nitrides,  and  their 


composites,  as  well  as  metals. 


Selective  Area  Laser  Deposition 
(SALD) 


Figure  1— Schematic  of  SALD 


(g) 


Introduction 

SALD1 -4  and  SALDVI5  are  two  gas  phase 
SFF  techniques  that  utilize  local  chemical  vapor 
deposition  (CVD)  to  create  shapes  and  structures  in 
an  additive  manner.  Both  form  solid  deposition 
products  from  the  decomposition  of  gas  precursors 
by  a  laser  beam  in  an  environmentally  controlled 
vacuum  chamber.  Because  the  decomposition  is 
localized  around  the  beam  spot  area,  the  size  and 
shape  of  the  solid  reaction  product  can  be 
manipulated  by  computer-operated  scanning  of  the 
laser  beam.  The  differences  between  the  two 
procedures  involve  the  interplay  between  the  solid 
product  and  the  substrate  upon  which  deposition 
takes  place.  SALD  merely  uses  the  substrate  as  a 
base  for  beginning  deposition  on,  and  shapes  are 
created  from  consecutively  scanned  layers.  In 
SALDVI,  the  solid  product  infiltrates  a  thin  layer  of 
powder  at  the  substrate,  filling  the  porous  spaces 
between  powder  particles.  Once  a  powder  layer  has 
been  scanned  and  infiltrated,  a  fresh  powder  layer  is 
spread  out  over  the  previous  one  and  the  infiltration 
process  begins  again.  Figures  1  and  2  represent  the 
SALD  and  SALDVI  processes,  respectively.  An 
example  where  SALD  and  SALDVI  has  been 
performed  is  with  tetramethylsilane  as  the  gas 
precursor  for  silicon  carbide  deposition,  according 
to  the  following  equation: 

thermal  energy 

Si(CH3)4  (g) - >  SiC  (s)  +  3  CH4 
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where  carbon  is  also  unintentionally  deposited  by 
decomposition  of  the  methane  by-product. 


SALD  VI  of  Silicon  Carbide/Silicon 
Carbide  Composite  Shapes 


Scan  Direction 

- ► 


SFF  Laboratory 

At  present,  the  SFF  laboratory  entails  two 
systems,  a  larger  15  inch  tall  by  28  inch  diameter 
water-jacketed,  stainless  steel  vacuum  chamber  and 
a  smaller  8  inch  tall  by  8  inch  diameter  stainless 
steel  vacuum  chamber.  The  larger  15  inch  tall 
system  encloses  a  powder  delivery  system  (PDS) 
for  performing  SALD VI  experiments.  The  smaller 
chamber  is  used  for  SALD  experiments.  The  main 
components  of  the  PDS  are  a  supply  piston,  a  target 
piston,  a  roller,  and  three  motors  with  encoders. 
The  roller  spreads  a  controlled  amount  of  powder 
from  the  supply  piston  to  the  target  piston  when 
cued  by  the  computer.  Shapes  up  to  4  inches  by  4 
inches  by  4  inches  in  size  can  be  fabricated  in  this 
system.  Each  system  has  a  custom  built  laser  stand 
capable  of  supporting  any  one  of  the  lab's  three 
lasers:  a  50W  CO2  (10.64  pm  wavelength),  a 
150W  Nd:YAG  (1.06  pm  wavelength),  and  a 
harmonic  generating  Nd:YAG  with  a  6W  output  at 
the  primary  1 .06  pm  wavelength,  as  well  as  various 
diode  lasers.  Two  computer  controlled  -xy  stages 
provide  the  motion  to  generate  the  2-D  scan  in  each 
layer.  In  the  larger  system,  the  chamber  and  the 
laser  are  stationary,  and  the  stage  moves  the  laser 
beam  by  translating  the  optics.  The  smaller 
chamber  rests  on  the  -xy  stage  and  moves  under  a 
stationary  laser  beam.  An  optical  pyrometer  based 
on  a  two  head  design  with  a  range  from  200  to 
1500°C  monitors  the  deposition  temperature  and 
also  provides  feedback  for  closed  loop  temperature 
control  by  adjusting  the  laser  power.  A  video 
camera  provides  in-situ  visual  monitoring  and 
recording  of  the  deposition  process.  A  gas  delivery 
manifold  delivers  multiple  gas  precursors  to  the 
reaction  chambers,  operating  presently  in  a  static 
gas  mode.  A  photograph  of  the  large  system  and 
hood  is  found  in  Figure  3. 


Figure  2— Schematic  of  SALD 

Experiments 

To  demonstrate  the  laser  scanning  capability  of  the  larger  system,  two  shapes  were 
deposited  using  the  SALD  process.  Two  different  scanning  programs  produced  silicon  carbide 
deposits  in  the  shapes  of  a  disc  and  a  rectangle.  The  operating  conditions  for  deposition  included 
12.5  watts  of  power  from  a  CO2  laser,  a  2  millimeter  diameter  beam  spot,  75  torr  of 
tetramethylsilane  gas  precursor,  and  an  approximate  scan  speed  of  1  millimeter  per  second.  Each 
scanning  program  was  repeated  ten  times  to  yield  multilayer  deposits.  Figure  4  presents  a  500  X 
magnification  SEM  micrograph  of  the  10  layer  rectangular  scan  sample.  Based  on  an  estimated 
laser  spot  dwell  time  of  6  seconds  at  points  in  the  layer,  a  growth  rate  of  50  microns  per  minute 
was  calculated.  This  growth  rate  calculation  assumes  an  adequate  deposition  temperature  (hot 
spot )  across  the  entire  2  millimeter  diameter  laser  beam,  with  a  roughly  circular  beam  shape. 


346 


A  third  SALD  deposit  was  produced  using  the  novel  approach  of  a  diode  laser  for  the 
energy  source.  This  diode  laser  is  a  McDonnell  Douglas  #ISO-550,  operating  at  808  nanometers 
and  producing  50  watts  continuous  wave(cw)  and  600  watts  pulsed  maximum  output.  The  diode 
laser  experiment,  run  under  a  static  motion  condition,  produced  a  circular  deposit  with  some 
infiltration  into  the  powder  substrate.  The  growth  parameters  included  15  watts  cw  laser  power 
for  5  minutes,  75  torr  of  tetramethylsilane  gas  precursor,  and  an  approximate  5  millimeter  beam 
spot  diameter  with  a  gaussian  distribution.  _ _ 
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Future  Work 

A  variety  of  experimental  areas  in  the  SALD  and  SALDVI  arena  will  be  addressed.  The 
control  of  the  composition  of  material  deposition  will  be  a  major  factor  in  the  silicon  carbide 
foundry  concept.  The  goal  of  the  foundry  is  to  deposit  silicon  carbide  with  in-situ 
electromechanical  devices. "Other  investigations  will  focus  on  the  role  of  laser  wavelength  in  the 
gas  precursor  decomposition.  Attempts  will  be  made  to  couple  certain  laser  wavelengths  to 
specific  material  system  excitations  in  order  to  produce  partial  photolytic,  partial  thermal 
decomposition  mechanisms.  Finally,  efforts  to  work  with  different  material  systems  will  involve 
boron  nitride,  using  boron  tribromide  and  boron  trichloride  precursors,  and  metals  such  as 
titanium  and  cobalt,  along  with  various  ceramic/ceramic  and  ceramic/metal  composites. 

Conclusions 

The  Solid  Freeform  Fabrication  laboratory  at  The  University  of  Connecticut  has  been 
under  assembly  and  construction  for  much  of  the  past  year.  Experimental  work  in  gas-phase  SFF 
recently  began,  and  emphasis  will  be  placed  on  the  SALD  and  SALDVI  processes.  Process 
parameters,"process  interactions,  and  a  variety  of  material  systems  will  be  under  investigation 
under  a  closed  loop,  feedback  controlled  system.  The  SFF  program  at  UCONN  maintains  a 
World  Wide  Web  site  at:  http://www.ims.uconn.edu/~hmarcus. 
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ABSTRACT 


In  July  of  1995  the  Office  of  Naval  Research  (ONR)  awarded  a  contract  to  Loral  Vought 
Systems  entitled  Low  Cost  Metal  Processing  Using  SLS/HIP.  The  two-phase,  four-year  program 
is  co-sponsored  by  ONR  and  the  Defense  Advanced  Research  Projects  Agency,  DARPA.  The 
program  addresses  the  DoD  and  Navy  need  to  improve  the  reprocurement,  remanufacture  and 
repair  methodology  for  high  value  metal  parts.  The  specific  program  objective  is  to  develop  and 
demonstrate  Selective  Laser  Sintering  (SLS)  as  a  lower  cost,  flexible  and  faster  method  of 
fabricating  spare  and  replacement,  small/medium  sized  powder  metal  parts  for  DoD  weapon 
systems.  Current  activity  is  focused  on  development  of  a  high  temperature  SLS  workstation  and 
on  selective  laser  sintering  trials  on  candidate  metal  powders  including  Inconel,  molybdenum 
and  titanium. 

SLS  Background 

Selective  Laser  Sintering  (SLS)  was  conceived  in  the  mid- 1 980’ s  by  staff  of  the 
University  of  Texas  as  a  method  for  rapidly  prototyping  solid,  functional  parts  without  part 
specific  tooling.  SLS  converts  heat-fusible  powders  into  solid  objects  by  using  a  laser  beam  to 
melt  and  fuse  the  powder  particles  together.  The  laser  is  rastered  across  the  powder  bed  using 
scanning  mirrors  which  are  servo-driven  from  3-D  CAD  data  which  describes  the  part  to  be 
fabricated.  SLS  is  an  additive  layer  process  in  which  the  part  is  built  up  in  layers  approximately 
0.005  inches  thick.  The  powder  bed  provides  the  support  for  the  part  build  so  that  no  tooling  is 
needed.  SLS  is -one  of  the  most  versatile  rapid  prototyping  methods  in  that  it  is  applicable  to 
plastics,  ceramics,  and  metal  powders.  The  SLS  process  has  been  commercialized  for  making 
plastic  parts  and  metal  tools  by  the  DTM  Corporation  of  Austin,  Texas. 

Our  Concept 

The  Department  of  Defense  has  a  large  number  of  high  value  metal  parts  in  service  which 
are  produced  by  hot  isostatic  pressing.  HIP  metal  parts  typically  require  powder  encapsulation  in 
a  can  or  skin,  which  must  be  removed  after  HIPing.  This  canning  and  can  removal  operations  are 


349 


a  large  contributor  to  the  cost  of  HIP  parts  while  limiting  their  complexity.  Our  technical  concept 
is  to  use  the  SLS  process  to  form  the  integral  metal  skin  which  is  required  for  encapsulation  of 
powder  metal  parts  prior  to  hot  isostatic  pressing  (HIP).  Typically  the  encapsulation  skin  is  a 
sacrificial  layer  of  a  different  material  which  must  be  removed  after  the  HIP  cycle.  Our  concept 
is  to  SLS  form  the  skin  integral  with  the  HEP  part  using  the  same  powder  material,  as  illustrated 
in  Figure  1.  In  this  way  the  skin  becomes  the  outer  surface  of  the  HIP  part  and  does  not  have  to 


Figure  1  Selective  Laser  Sintering  Concept  for  Powder  Metal  HIP  Parts 

be  removed.  SLS  will  be  used  to  liquid  phase  sinter  the  powder  metal,  forming  a  fully  dense  skin 
integral  with  the  core  part  which  has  been  SLS  processed  to  approximately  70%  dense. 

To  execute  the  program  the  following  team  members  have  joined  forces: 

•  Lockheed  Martin  Vought  Systems:  Prime  contractor  and  responsible  for  HEP  technology 
development  and  test  and  evaluation 

•  The  University  of  Texas  at  Austin:  SLS  equipment  development,  process  development  and 
process  modeling. 

•  Bayside  Materials  Technology:  Economic  analyses  and  component  selection  trade  studies 

•  MATSYS:  HIP  process  modeling 

•  DTM  Corporation:  SLS  beta  machine  development 

Program  Phases 

As  shown  in  Figure  2  the  program  is  structured  into  2  phases.  Phase  1,  SLS/HIP 
Materials  &  Process  Development,  and  Phase  2,  SLS  Beta  Machine  Development.  Phase  1 
objective  is  to  develop  the  materials  and  processing  science  to  produce  functional  metal  parts 
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using  SLS  with  integrated  canning  and  HIP  post  processing  Key  technical  issues  being  addressed 
in  Phase  1  include:  impermeability  of  the  SLS  skin;  wetting  of  the  metal  powders  and  the 
resulting  density;  part  properties  equivalent  to  baseline;  dimensional  tolerances  and  surface 
finish.  The  Phase  2  objective  is  to  validate  the  performance  and  commercial  viability  of  the  high 
temperature  SLS  process  through  demonstration  of  an  high  temperature  SLS  beta  test  machine. 


The  initial  program  task  is  to  select  two  materials  and  components  on  which  to 
demonstrate  the  SLS  technology.  To  this  end  a  comprehensive  survey  of  Navy  installations  and 
Lockheed  Martin  Vought  Systems  products  is  being  conducted.  From  the  initial  survey 
candidate  materials  are  being  identified  for  SLS  screening  trials  to  aid  in  downselecting  the 
materials  and  components  to  demonstrate.  The  survey  criteria  is:  sinterable  powder  metal  parts 
with  complex  geometry,  that  can  be  SLS  processed  in  our  current  7  inch  by  7  inch  processing 
chamber.  We  are  nearing  completion  of  our  survey  of  Naval  installations  (depots,  centers, 
shipyards,  etc.)  to  identify  demonstration  components  and  materials.  We  have  completed  the 
survey  of  Lockheed  Martin  Vought  Systems  programs  to  identify  candidate  demonstration 
components.  To  date,  based  on  our  survey,  the  four  leading  materials/component  candidates  are: 

•  Inconel  625  super  alloy  for  an  aircraft  engine  vane 

•  Molybdenum  rotary  valve  for  the  MK-46  torpedo 

•  Titanium  guidance  section  housing  for  the  AIM-9  air-launched  tactical  missile. 

•  Stainless  steel  detent  link  assembly  for  an  ATACMS  ground  based  missile  launcher. 

These  component  are  shown  in  Figure  3. 
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Figure  3  Candidate  Demonstration  Components  and  Materials 

In  preparation  for  the  powder  metal  SLS  screening  trials  The  University  of  Texas  has 
modified  their  high  temperature  SLS  workstation  with  atmosphere  controls  and  laser  systems  for 
processing  the  high  temperature  powder  metals..  The  laser  scanning  control  software  has  been 
written  and  validated.  Powder  metal  SLS  processing  trials  are  currently  underway.  Materials 
processed  in  the  on-going  SLS  trials  include  Inconel  625  superalloy,  Stainless  Steel  17-4PH, 
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Titanium  Ti-6A1-4V,  and  Molybdenum.  Fully  dense  single  layer  coupons  of  Inconel  625  were 
produced  by  SLS.  The  single  layers  of  Inconel  625  were  leak  tested  and  shown  to  have  a  leak 
rate  of  less  than  10' 10  atmospheric  cc/s,  thereby  meeting  the  criterion  for  HIP  post-processing. 
Multi-layer  coupons  of  Inconel  625  processed  by  SLS  showed  closed  porosity  at  the  interface 
layer,  meeting  the  requirement  for  HIP  processing.  Initial  SLS  trials  on  single  layer  coupons  of 
17-4PH  stainless  steel  indicate  a  nearly  fully  dense  microstructure  with  closed  porosity. 
Preliminary  trials  on  titanium  and  molybdenum  have  demonstrated  that  these  materials  can  be 
melted  by  SLS  processing.  Research  is  underway  to  produce  an  integrally  canned  volume  of 
Inconel  625  by  direct  SLS  for  HIP  post  processing. 


Inconel  625  Single  Layer 
NdrYAG  laser  power:  31  Watts 
Scan  speed:  0.7  in/sec 


Figure  4  Photomicrograph  of  SLS  Processed  Inconel  Skin 
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Abstract 

This  paper  presents  recent  progress  in  extending  the  CAM-LEM  process  to  5-axis  laser  cutting 
for  fabrication  of  laminated  engineering  components  directly  from  sheet  materials.  The  present 
extensions  enable  construction  of  layered  objects  from  thicker  layers  by  cutting  all  layers  with 
shaped  edges.  Use  of  thicker  material  layers  offers  the  opportunity  for  faster  build  rates  and/or 
improved  surface  finish.  We  describe  our  system  and  present  initial  experimental  results  in 
utilizing  tangent-cut  layers  for  object  fabrication.  Utilizing  surface- tangent  information 
introduces  new  computational  complexities  in  converting  CAD  descriptions  into  machine 
process  control  commands.  We  present  an  algorithm  for  achieving  this  conversion,  and  we 
illustrate  its  successful  performance. 

1  Introduction 

CAM-LEM  is  a  Solid  Freeform  Fabrication  process  under  development  through  a  joint  project 
between  Case  Western  Reserve  University  and  CAM-LEM,  Inc.  [1,2].  In  this  process,  as  is 
common  to  all  SFF  technologies,  each  part  originates  from  a  computer  description,  which  is 
analyzed  and  decomposed  into  boundary  contours  of  thin  slices.  In  CAM-LEM,  these  individual 
slices  are  laser  cut  from  green  sheet  stock  per  the  computed  contours.  The  resulting  part-slice 
regions  are  extracted  from  the  sheet  stock  and  stacked  to  assemble  a  physical  3-D  realization  of 
the  original  CAD  description.  The  assembly  operation  includes  a  lamination  procedure  that  fixes 
the  position  of  each  sheet  relative  to  the  preexisting  stack  and  achieves  intimate  interlayer  con¬ 
tact,  promoting  high-integrity  bonding  in  the  subsequent  sintering  operation.  The  laminated 
green  object  that  has  been  rendered  monolithic  is  then  fired  to  density  the  object  and  control 
r  microstructural  evolution.  The  result  is  a  3-D  part  which  exhibits  not  only  correct  geometric 

form,  but  functional  behavior  as  well. 

One  of  the  problems  inherent  in  all  layered  manufacturing  processes  is  the  stair-cased 
surface  finish  resulting  from  discretization  of  layers  in  the  build  direction.  This  stair-cased 
surface  finish  can  be  reduced  by  minimizing  the  thickness  of  each  layer,  but  at  the  expense  of 
fabrication  speed.  Until  now,  little  effort  has  be  made  to  interpolate  the  surface  in  the  build 
direction. 

In  [3]  we  introduced  the  kinematic  theory  for  a  tangential  cutting  version  of  the  CAM- 
LEM  system;  this  paper  presents  recent  progress  in  developing  the  system  described.  We  have 
constructed  a  5-axis  cutting  table  platform  that  allows  us  to  laser  cut  boundary  edges  tangential  to 
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the  physical  model  surface.  Tangential  cutting  enables  us  to  approximate  the  edge  surface  with 
first-order  interpolation  in  the  vertical  direction,  thus  eliminating  the  stair-cased  characteristic 
found  in  parts  made  using  other  RP/SFF  technologies. 

Several  aspects  of  this  approach  are  discussed  here:  a  description  of  the  hardware  used  in 
the  system;  some  initial  experimental  results  in  object  building  with  tangent-cut  thick  layers,  and 
an  improved  algorithm  for  generating  machine-control  commands  for  tangent  cutting  from  a 
model’s  CAD  description. 


2  Five-axis  Tangential  Cutting  System 

The  CAM-LEM  tangential  cutting  system,  shown  in  Figure  2.1,  is  designed  to  cut  successive 
layers  of  a  part  derived  from  a  CAD  model  description  out  of  sheet  material.  The  system  is  com¬ 
prised  of  three  major  components:  a  laser  for  cutting;  a  5-axis  cutting  table  platform  for  translat¬ 
ing  and  orienting  the  sheet  material  relative  to  the  laser;  and  a  material  handling  robot.  The  laser 
is  mounted  vertically  above  the  5-axis  cutting  table.  A  4-axis  rectilinear  robot  (to  left,  not 
shown)  is  positioned  in  front  of  a  platform  for  loading/unloading  sheet  material  and  for 
selectively  gripping  and  stacking  cut  contours. 


Our  5 -axis  system  consists  of  3  transla¬ 
tional  axes  (x,y,z)  and  two  rotational  axes  (roll 
and  pitch)  that  position  and  orient  a  6"x  6"  cut¬ 
ting  table  beneath  the  laser.  Sheet  material  is 
clamped  to  the  cutting  table  with  vacuum  pres¬ 
sure  exerted  though  aluminum  honeycomb  cells. 
The  cutting  table  is  mounted  with  an  offset  77.5 
mm  above  the  intersection  of  the  two  rotary  axes 
to  maximize  clearance  with  the  laser.  To  achieve 
the  required  positions  and  orientations  for  cutting 
the  desired  tangents  about  the  boundary  of  a  part 
slice,  motion  of  the  x  and  y  axes  must  be  coordi¬ 
nated  with  the  roll  and  pitch  angles  of  the  cutting 
table.  Vertical  (z-axis)  motion  is  incorporated  in 
order  to  keep  the  material  at  the  laser  focal  point, 
at  which  air  ejected  from  a  nozzle  helps  remove 
debris  and  assist  cutting. 

The  maximum  orientation  angle  of  the 
cutting  table  surface  is  constrained  by  the  clear¬ 
ance  of  the  laser  nozzle  such  that  the  pitch  and 
roll  axes  are  limited  to  ±  73  degrees  of  motion 
from  vertical  during  cutting. 

Experimental  evaluation  of  the  tangent¬ 
cutting  capability  of  our  system  is  shown  in 
figures  2.2  and  2.3.  Figure  2.2  shows  a  cross 


Fig.  2.1:  Five-axis  tangential  cutting  system 
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section  of  angled  cuts  made  with  our  system  in  a  sheet  of  6mm  polystyrene  foam.  The  material 
was  initially  oriented  such  that  the  laser  beam  was  normal  to  the  material  surface.  A  series  of  9 
straight  30-mm  lines  was  cut  in  the  material,  with  the  horizontal  position  increased  7.5mm  and 
the  angle  increased  9  degrees  each  step.  The  final  cutting  angle  tested  was  72  degrees.  At  this 
final  angle,  the  material  thickness  cut  was  3.2  times  deeper  than  that  at  normal.  As  shown,  laser 
cuts  in  this  material  were  uniform,  straight  and  clean.  We  are  currently  investigating  angled  laser 
cutting  effectiveness  in  alternative  materials,  including  tape-cast  ceramics. 


Figure  2.3  shows  an  additional 
test  in  which  the  potential  value  of  laser 
cutting  is  illustrated.  This  figure  shows 
two  1 00-mm  diameter  spheres  con- 


Fig.  2.2:  Tangent-cut  tests  in  6mm  polystyrene  foam 


structed  from  layers  of  6mm  Styrofoam.  On  the  left,  the  sphere  is  approximated  with  14  layers  of 
circular  cross  section  and  vertical  edges.  Poor  surface  approximation  is  obvious  (particularly  in 
regions  where  the  object’s  tangent  plane  is  nearly  horizontal)  due  to  the  exaggerated  step  size  of 
vertical  discretization  corresponding  to  thick  layers.  The  sphere  on  the  right  in  Fig.  2.3  is  com¬ 
prised  of  14  tangent-cut  layers,  each  a  frustum  of  a  cone.  The  first  and  last  layers  shown  required 
a  tangent  angle  of  55  degrees  from  vertical.  (The  top  and  bottom  layers  of  the  sphere  are 
missing,  as  the  required  tangent  angle  of  75  degrees  exceeded  our  system’s  limit  of  73  degrees 
imposed  by  kinematic  interference.)  It  is  apparent  that  the  tangent-cut  thick  slices  produce  a 
dramatically  better  surface  approximation  than  normal-cut  slices. 


Fig.  2.3:  Styrofoam  spheres  without  and  with  tangential  cutting 

For  the  simple  example  of  Fig  2.3,  laser-cutting  trajectories  were  computed  analytically. 
To  handle  an  arbitrarily  complex  part,  however,  it  is  necessary  to  derive  kinematically  and 
dynamically  feasible  laser-cutting  trajectories  directly  from  the  part’s  CAD  description.  This 
topic  constitutes  the  remainder  of  this  presentation. 


3  Trajectory  Generation  for  Tangential  Cutting 

To  exploit  the  prospective  advantages  of  tangent  cutting,  it  is  necessary  to  deduce  machine 
trajectories  from  CAD  files.  Most  CAD  packages  have  the  ability  to  compute  and  report  the 
surface  normal  or  tangent  plane  at  a  given  point  on  the  surface.  Also,  files  exported  in  the 
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ubiquitous  STL  representation  include  surface-normal  information  for  every  triangular  facet. 
However,  this  information  is  not  entirely  adequate  for  laser  cutting  of  thick  layers.  Rather,  the 
relevant  constraints  for  tangent-cutting  thick  layers  are:  1)  the  contour  at  the  top  surface  of  the 
thick  layer  should  match  the  cross  section  of  the  CAD  model  at  the  corresponding  z-height;  2) 
the  contour  at  the  bottom  surface  of  the  thick  layer  should  match  the  corresponding  cross  section 
of  the  CAD  model;  and  3)  both  contours  must  be  realizable  in  terms  of  a  sequence  of  straight- 
line  segments  (“spans”)  joining  points  on  the  top  contour  to  points  on  the  bottom  contour. 

Our  approach  is  to  reduce  the  edge  surface  of  a  layer  into  a  ruled  surface  formed  by 
moving  a  line  (rule)  connecting  the  points  on  two  curves  (rails).  In  considering  cutting  a  layer 
physically,  the  contours  around  the  top  and  bottom  surfaces  are  the  rails,  and  the  laser  beam  is 
moved  as  a  rule  along  the  contours.  Given  such  a  ruled  surface,  one  can  deduce  the  unique 
inverse  kinematics  for  control  of  each  joint  of  the  cutting  platform  such  that  the  laser  line  is 
directed  collinear  with  the  moving  rule.  An  additional  important  consideration  is  that  the  corre¬ 
sponding  trajectory  should  satisfy  the  constraints  of  maximum  velocity  and  acceleration  of  each 
joint  of  the  laser-cutting  system,  as  well  as  maximum  material  removal  rate  of  the  laser  and 
maximum  laser  dwell  time  (or  minimum  cutting  speed)  to  avoid  excessive  burning  or  melting  of 
the  target  material. 

In  this  section,  we  present  our  method  for  computing  feasible  cutting  trajectories  for 
realizing  good  approximations  of  surface  reconstruction  in  the  generation  of  thick  layers. 

3. 1  Surface  Reconstruction  from  Contours 

The  problem  of  surface  reconstruction  from  successive  contours  is  not  new.  Keppel  [4] 
used  triangular  facets  to  stitch  successive  contours  into  3-D  layers.  He  recognized  that  this 
problem  could  be  transformed  into  an  equivalent  graph-search  problem.  Fuchs,  et.  al.  [5], 
analyzed  this  problem  in  detail  and  proposed  an  optimized  search  algorithm.  Here,  we  adopt  a 
similar  graph-search  approach,  and  modify  the  result  to  accommodate  the  dynamic  constraints  of 
the  cutting  process  and  of  the  5-axis  motion.  While  our  approach  is  extensible  to  arbitrary  con¬ 
tours,  we  present  it  for  the  case  of  polyline  contours,  as  would  result  from  slicing  an  STL  file. 


1  O  ^  A  ^  f) 


Po 


Fig.  3 . 1  (a):  Stitching  contours  Fig.  3 . 1  (b):  Graph  corresponding 

with  triangular  facets  to  the  stitching  of  fig.  3. 1  (a) 
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We  presume  that  successive  contours  lie  in  parallel  planes,  and  that  each  contour  is 
comprised  of  a  sequence  of  line  segments,  described  by  a  sequence  of  points  within  the  respec¬ 
tive  plane.  Figure  3.1  (a)  shows  an  example,  in  which  (Po,  Pi,  Po)  represents  the  bottom 
contour  and  (Qo,  Qi,  ....  Qs)  represents  the  top  contour.  In  Figure  3.1  (a),  each  segment,  such  as 
(P0,  Pi)  in  the  bottom  contour  or  (Qo,  Qi)  in  the  top  contour,  is  a  contour  edge.  Each  line  that 
connects  the  top  and  bottom  contours  is  a  span,  such  as  (Po,  Qo),  (Pi,  Qo),  (Pi,  Qi)  •••■  Figure  3.1 
(b)  is  the  expansion  of  a  directed  toroidal  graph.  Folding  the  upper  edge  over  to  connect  with  the 
lower  edge  forms  a  cylinder,  then  joining  the  left  and  right  edges  forms  atoroid.  In  Figure  3.1, 
each  span  in  (a)  is  mapped  onto  (b)  as  a  graph  node,  and  each  contour  edge  in  (a)  is  mapped  onto 
(b)  as  a  graph  edge.  In  this  way,  a  triangular  stitching  can  be  mapped  onto  the  directed  graph  as 
a  cyclic  path  that  starts  and  ends  at  the  same  node.  The  path  illustrated  in  Figure  3.1  (b)  repre¬ 
sents  the  stitching  in  Figure  3.1  (a). 

Given  a  pair  of  contours,  there  exist  b”  I'll'  possible  different  stitchings  where  m  is  the 

m\n\ 

number  of  points  in  the  bottom  contour  and  n  is  the  number  of  points  in  the  top  contour.  Given  a 
criterion  to  associate  a  cost  with  each  span  (a  node  in  the  graph),  the  surface  reconstruction 
problem  can  be  formulated  as  a  shortest-path  search  problem  in  graph  theory.  Several  criteria 
have  been  proposed.  We  have  found  the  “minimum  square  span  length”  to  be  a  good  cost 
function.  The  result  is  a  surface  reconstruction  between  successive  layers  which  is  a  good 
approximation  to  the  original  surface,  and  which  can,  in  principle,  be  created  by  laser  cutting. 

3.2  Problems  in  Faceted  Tangential  Cutting 

While  the  reconstructed  surface  illustrated  in  Figure  3.1  (a)  may  be  a  good  approximation 
to  the  original  surface,  the  use  of  triangular  facets  is  problematic  for  trajectory  generation. 

Indeed,  it  is  possible  to  compute  a  realizable  inverse  kinematic  trajectory  for  each  of  the  triangu¬ 
lar  facets.  For  example,  the  facet  defined  by  vertices  at  (Po,  Qo,  Pi)  can  be  generated  by  a  laser- 
beam  trajectory  which  is  initially  collinear  with  span  (Po,  Qo),  then  pivots  about  point  Qo,  while 
tracing  out  edge  (Po,  Pi)  of  the  bottom  contour,  ending  up  collinear  with  span  (Pi,  Qo).  While 
this  solution  is  geometrically  consistent,  it  defines  a  trajectory  with  excessive  dwell  time  at  point 
Qo,  which  is  likely  unacceptable  for  laser  cutting.  In  addition,  applying  the  same  technique  to  the 
next  facet,  (Qo,  Pi,  Qi),  would  prescribe  pivoting  the  laser  beam  about  the  point  Pi  on  the  bottom 
contour.  The  abrupt  change  from  pivoting  about  a  point  on  the  top  contour  to  pivoting  about  a 
point  on  the  bottom  contour  corresponds  to  a  discontinuous  velocity  reversal  of  one  or  both  of 
the  orientation  axes.  Discontinuous  velocity  changes  are  physically  unachievable;  instantaneous 
velocity  reversals,  as  required  to  cut  typical  successive  triangular  facets,  implies  an  extreme  case 
of  a  dynamically  unsuitable  trajectory. 

3.3  Trajectory  Smoothing  in  Parameter  Space 

We  can  improve  upon  the  trajectory  generation  implied  by  the  surface  reconstruction  of 
Figure  3.1  by  further  interpreting  the  graph  of  Figure  3.1(b).  This  graph  represents  an  abstraction 
of  the  surface  reconstruction  problem,  and  a  graph  search  applied  to  this  representation  resulted 
in  the  path  shown  in  Figure  3.1(b),  defining  the  surface  reconstruction  of  Figure  3.1(a).  We  next 
re-associate  the  abstract  graph  of  Figure  3.1(b)  with  physical  dimensions  by  interpreting  the  (2 
axis  as  the  path  length  along  the  top  contour,  and  the  P  axis  as  the  path  length  along  the  bottom 
contour.  We  introduce  the  new  variables  u,  and  Ub  to  be  path-length  variables,  ranging  from  0  to 
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1,  defining  the  fractional  completion  of  the  traversal  of  the  top  and  bottom  contours,  respectively. 
The  dimensionless  graph  of  O  vs.  P  of  Figure  3.1(b)  is  translated  to  a  graph  in  ut  vs.  ub,  rescaled 
such  that  each  graph  edge  of  Figure  3.1(b)  is  assigned  a  length  proportional  to  the  length  of  the 
corresponding  contour  segment.  The  resulting  plot  is  the  path-length  distance  along  the  top 
contour  vs.  path-length  distance  along  the  bottom  contour.  This  plot  defines  the  motion  of  end¬ 
points  of  a  span  sweeping  out  the  ruled  surface  joining  the  top  contour  to  the  bottom  contour. 

From  this  viewpoint,  the  dynamics  problem  of  velocity  reversals  at  facet  boundaries  is 
apparent.  A  horizontal  path  segment  in  ut  vs.  ub  indicates  zero  velocity  of  ub,  corresponding  to 
the  laser  line  pivoting  about  a  point  in  the  bottom  contour.  Similarly,  vertical  path  segments  in  u, 
vs.  ub  indicate  pivoting  about  a  point  on  the  top  contour.  Path  segments  sequencing  from  vertical 
to  horizontal  (or  vice  versa)  indicate  velocity  reversals  in  orientation.  In  the  parameter  space  ut 
vs.  ub  we  can  see  that  the  ideal  path,  with  respect  to  a  smooth  dynamic  trajectory  and  constant 
laser  cutting  speed,  would  be  a  45-degree  line  from  ( ub ,  uj)  =(0,0)  to  (ub,  uj)  —(1,1).  In  contrast, 
the  ideal  path  with  respect  to  optimized  surface  reconstruction,  without  regard  to  cutting  or 
motion  dynamics,  consists  entirely  of  vertical  and  horizontal  segments.  To  achieve  good  surface 
reconstruction  with  consideration  of  dynamic  constraints,  we  spatially  low-pass  filter  the 
computed  path  in  ut  vs.  ub  to  produce  a  smoothed  path.  This  smoothed  path  constitutes  an 
approximation  to  the  computed,  faceted  surface  reconstruction,  but  it  eliminates  the  rapid 
velocity  changes  corresponding  to  the  transitions  between  the  computed  facets. 

In  practice,  we  low-pass  filter  u,  vs.  ub  by  defining  separate  functions  of  time,  ut( t)  and 
ub(t).  These  functions  are  initially  derived  from  the  computed  graph  of  ut  vs.  ub,  then  low-pass 
filtered  to  produce  smoothed  path-length  vs.  time  functions.  The  resulting  smoothed  functions 
define  endpoints  of  a  moving  span  between  the  top  and  bottom  contours.  At  each  instant  in  time, 
the  coordinates  of  these  endpoints  can  be  computed,  and  the  corresponding  inverse  kinematics 
for  the  laser  cutter  yields  an  unambiguous  solution  for  control  of  the  5-axis  system. 

Our  smoothing  approach  redefines  the  surface  between  the  top  and  bottom  contours, 
smoothing  over  discrete  changes  in  surface  normal.  However,  discrete  changes  in  surface  normal 
are  sometimes  deliberate  (e.g.,  in  defining  the  faces  of  a  cube)  rather  than  artifacts  ofreconstruc- 
tion.  When  it  is  desired  to  preserve  a  particular  span  (e.g.,  the  edge  of  a  cube)  identically,  we  can 
do  so  by  defining  the  corresponding  values  of  ut  and  ub  to  be  constant  vs.  time  in  the  definitions 
of  u,(t)  and  ub(i)  for  a  duration  exceeding  the  time  constant  of  our  low-pass  filter.  The  result  will 
produce  a  graph  of  ut  vs.  ub  that  includes  the  desired  span. 

3.4  Illustration  of  Trajectory  Smoothing  in  Parameter  Space 

Here  we  illustrate  the  surface  reconstruction  and  trajectory  smoothing  technique  with  a 
realistically  complex  example.  Figure  3.2  (a)  is  the  wire  frame  display  of  a  layer  edge  surface 
reconstructed  with  the  triangular  stitching  algorithm  described  in  section  3.1.  Contour  data 
comes  from  two  sections  of  an  STL  model  of  a  human  head.  The  top  contour  has  344  segments 
and  the  bottom  contour  has  345  segments. 

Figure  3.2  (b)  shows  the  span  trajectory  smoothed  with  our  spatial  filter.  First,  we 
defined  discretized  functions  ut( t)  and  ub( t)  using  1200  samples  of  u,  and  ub.  A  moving  central- 
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average  filter  of  window  width  19  was  applied  to  both  series  {u,}  and  {ub}.  Comparing  Figures 
3.2  (b)  to  (a)  shows  the  effect  of  our  smoothing  algorithm.  An  attempt  to  cut  the  layer  defined  by 
Figure  3.2(a)  would  result  in  slow  execution,  poor  tracking,  and  excessive  laser-induced  ablation 
at  pivot  points.  The  layer  defined  by  Figure  3.2(b)  yields  a  well-behaved  trajectory  specification, 
as  well  as  a  smoother  surface  reconstruction.  Note,  though,  that  the  top  and  bottom  contours, 
respectively,  of  the  two  models  (3.2(a)  and  3.2(b))  are  identical.  The  smoothing  algorithm  does 
not  distort  the  part  boundaries  at  the  slice  planes.  Thus,  layers  constructed  with  smoothed 
surfaces  can  be  expected  to  mate  identically  with  the  layers  immediately  above  and  below  within 
a  stacked  assembly  comprising  a  3-D  part  (e.g.,  as  in  Fig  2.3). 

At  the  time  of  this  writing,  our  trajectory  smoothing  algorithm  has  not  yet  been  incorpo¬ 
rated  into  the  control  of  our  new  5-axis  platform.  Surface  reconstruction  and  smoothing  is  cur¬ 
rently  performed  offline.  To  reduce  the  size  of  datafiles  required  to  drive  the  laser  cutter,  surface 
reconstruction  and  smoothing  is  being  converted  to  an  on-line  process,  computed  during  cutting. 


Fig.  3.2  (a):  Span  trajectory  from  surface  reconstruction 


Fig.  3.2  (b):  Smoothed  span  trajectory 


4  Discussion  and  Conclusion 

The  work  in  progress  presented  in  this  paper  has  demonstrated  the  feasibility  of  extending  the 
CAM-LEM  technique  to  the  fabrication  of  components  using  tangent  cutting  to  optimize  surface 
finish  and  build  time.  The  current  capabilities  and  limitations  of  our  experimental  5 -axis  laser¬ 
cutting  system  were  illustrated,  and  the  potential  for  improving  build  rate  and/or  surface  quality 
was  demonstrated  with  a  simple  physical  example  fabricated  with  our  system. 

A  significant  challenge  encountered  in  our  research  has  been  the  derivation  of  a  suitable 
laser-cutting  trajectory  from  CAD  information.  While  CAD  models  typically  incorporate  suffi¬ 
cient  information  to  specify  the  surface  tangent  planes  at  arbitrary  surface  points,  such  informa¬ 
tion  is  not  adequate  for  generating  cutting-trajectory  profiles.  Instead,  an  optimal  surface 
approximation  must  be  computed,  based  on  a  sequence  of  line-segment  spans  connecting  top  and 
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bottom  boundaries  of  a  layer.  In  addition  to  achieving  a  good  approximation  to  the  original 
surface,  the  surface  reconstruction  algorithm  must  also  result  in  a  kinematically  and  dynamically 
desirable  laser-cutting  trajectory.  We  have  presented  an  algorithm  which  accomplishes  this  for 
contours  consisting  of  polylines,  as  is  the  case  for  slices  of  models  stored  in  the  STL  format. 

In  continuing  work,  we  are  extending  our  surface-reconstruction  and  smooth  trajectory- 
generation  algorithm  to  work  with  non-polygonal  contours,  including  arcs  and  NURBS.  Further, 
this  algorithm  is  being  converted  to  a  real-time  process  to  be  executed  during  laser  cutting.  On¬ 
line  translation  of  CAD  models  to  cutting  trajectories  will  permit  use  of  more  compact  data  files 
while  offering  improved  resolution. 

Initial  tests  of  angular  laser  cutting  of  materials  has  been  encouraging.  However,  we  have 
seen  that  the  maximum  practical  cutting  angle  can  be  restrictive  for  some  materials.  Laser¬ 
cutting  parameters,  including  cutting  speed,  laser  power,  air-jet  effects,  and  laser  optics,  will  have 
to  be  explored  for  optimizing  cutting  quality  for  materials  of  interest  for  CAM-LEM  processing. 
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ABSTRACT 

Rapid  prototypings  using  direct  selective  laser  sintering  (SLS)  of  metal/ceramic  powders 
have  a  great  potential  for  design  and  fabrication  of  near  net  shape  of  metal/ceramic  parts. 
At  presents  C02,  Nd:YAG  and  Excimer  are  the  only  possible  solutions  for  the  heavy  duty 
manufacturing  applications.  At  the  University  of  Connecticut,  researchers  advanced  the 
concept  of  rapid  prototyping  and  other  desk  top  manufacturing  tasks  such  as  welding, 
sintering,  drilling,  marking,  soldering  of  electronic  components,  face  hardening  of  metal 
and  other  materials  applications  by  the  use  of  high  power  diode  lasers. 

Utilizing  SLS  techniques  and  approaches  designed  to  harness  the  full  potential  of  diode 
lasers,  computer  controlled  sintering  system  was  developed.  The  system  is  capable  of 
producing  complex  three  dimensional  shapes  of  metal/ceramic  parts  from  CAD/CAM 
solid  model  data  files.  In  the  paper  direct  sintered  Fe-Bronze  parts  using  high  power  laser 
diodes  has  been  demonstrated.  The  system  comprises  of  high  power  laser  diodes  (25  W 
cw,  A,=980  nm  and  60  W  pulse  or  cw,  A.=8 1 0  nm),  beam  scanning  systems,  atmospheric 
controlled  chamber,  and  CAD/CAM  software. 

INTRODUCTION 

Recent  advance  of  diode  laser  technology  makes  possible  of  desk-top  manufacturing  of 
metal/ceramic  parts  directly  from  a  computer  model  without  part-specific  tooling  or 
intervention.  These  technologies  have  been  termed  Solid  Freeform  Fabrication and 
differ  dramatically  from  normal  fabrication  techniques  due  to  their  additive  nature. 

Normal  machining  operations  fabricate  a  part  by  removing  a  material  until  the  remaining 
desired  component  specific  material  is  left.  Additive  processes,  however,  build  up  the 
desired  part  by  selectively  sintering  of  powders'  layer  by  layer.  The  benefit  of  this 
technology  is  greatly  reduced  fabrication  time  and  cost  and  capability  to  achieve,  in  one 
operation,  shapes  that  would  otherwise  require  multiple  operations  or  in  some  cases,  be 
impossible  to  manufacture  with  current  standard  techniques. 
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For  the  last  two  years,  we  have  been 
working  on  Solid  Freeform  Fabrication 
(SFF)  desk-top  manufacturing 
techniques.  This  technique  is  adopted 
from  the  Selective  Laser  Sintering 
(SLS)  process.  At  the  University  of 
Connecticut  desk-top  manufacturing 
SLS  test  bed  uses  diode  laser  to 
selectively  sinter  metal/ceramic 
powders  without  any  polymeric  binder. 

Many  of  the  industrial  desktop 
manufacturing  applications  require 
directed  laser  beam  energy  that  has 
high  total  power  and  brightness.  In 
many  situations,  it  is  also  important  to 
deliver  an  extremely  small  spot  of 
concentrated  laser  energy  to  a  tiny 
area.  Figure  1  shows  a  variety  of  laser-processing  tasks  that  can  be  performed  with 
intensities  in  the  range  of  103  to  108  W/cm2.  Focused  diode  lasers,  despite  relatively  low 
output  power  per  stripe  (~1  W),  emit  106  to  107  W/cm2,  a  range  suitable  for  many  laser 
manufacturing  jobs.  The  engineering  difficulty  is  to  collect  100  to  1000  watts  from 
numerous  diodes  and  deliver  the  power  within  a  small  spot  with  high  brightness. 
Photonics  Research  center  (PRC)  at  the  University  of  Connecticut  is  in  the  process  of 
acquiring  high  brightness  laser  diode  systems  that  can  deliver  CW  power  exceeding  1  kW 
with  power  density  reaching  100  kW/cm2  in  a  spot  not  exceeding  600  micrometers <3). 

Noted  for  their  small  size,  greater  than  40  percent  electrical-to-optical  plug  in  efficiency, 
ease  of  modulation  and  low  power 
requirements  (about  300  watts),  diode 
lasers  are  an  ideal  source  of  direct  thermal 
energy  for  a  multitude  of  industrial  tasks. 

Moreover,  they  are  much  less  expensive 
than  competing  lasers  and  interface  easily 
with  computers  and  robotic  arms.  Since 
diode  lasers  have  tremendous  mass 
production  capabilities  their  price  per  watt 
is  expected  to  drop  steadily  as  high- 
volume  applications  continue  to  open  up. 

At  moderate  volumes,  the  current  market 
price  for  non-fiber-coupled  diodes  has 
dropped  to  about  $30  per  delivered  watt 
of  raw  diode  energy  as  compared  to  $150 
per  watts  C02  or  NdrYAG  lasers. 


Fig.2  Schematic  diagram  of  an  experimental  set-up 
of  a  sintering  system  and  sketch  of  the  powder 
feeding  system.  _ 


Fig.  1  Beam-material  interaction  spectrum2.  A  large 
number  of  commercial  processes  of  surface  material 
processing  can  be  carried  out  at  cw  intensity  levels 
from  1  kW/cm2  to  1  MW/cm2. 
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EXPERIMENTAL  SETUP 


To  demonstrate  the  use  of  diode  lasers  for  sintering-based  SFF,  an  experimental 
apparatus  was  constructed  (Fig.  2).  The  system  consists  of  a  fiber-coupled  diode  laser 
array,  optical  delivery  system,  powder  feeding  system,  oxidation  prevention  system  and 
laser  scan  control  system(4).  In  this  setup,  the  SFF  device  generates  three-dimensional 
parts  from  CAD/CAM  data  files  by  selectively  bonding  multiple  layers  of  powder  using 
high-power  diode  lasers.  PRC  has  three  high  power  CW  laser  diode  systems  in  use  from 
three  different  companies:  1)  60  W  @  810  nm,  2)  25W  @  980  nm  and  3)  50  W  @ 

808  nm.  These  systems  can  deliver  intensity  up  to  10kW/cm2 . 

MATERIALS 


For  sintering,  the 
materials  used  in  the 
present  study  were  Fe- 
Bronze  (Cu-Sn) 
premixed  powder,  grade 
66 1  (F  e34_36Cu58_60Sn6_7). 
Particle  size  was  100  to 
200  jam.  The  alloy  was 
supplied  by  Pyron  Metal 
Powders  Inc.,  from 
Maryville,  Tennessee. 

RESULTS 


Some  examples  of 
elementary  (SSF) 
sintered  parts  with 
multiple  sintered  layers 
made  from  Fe-Bronze 
premix  powders  are 
shown  in  Fig.  3.  Other 
sintering  examples 
include  a  sintered  strain 
gauge  also  made  from 
Fe-Bronze  premix 
powder  (Fig.  3d).  To  suit 
the  requirements  of 
researchers  for  these 
particular  sintering 
experiments,  the  delivery 
end  of  the  diode  laser’s 


Fig.  3  (a-c)The  sintered  samples  made  from  iron-bronze  premix 
powder  in  an  argon  atmosphere. 

Fig.  3  (a,  b)  The  sintering  laser  spot  size  was  0.8  mm  carrying,  15  W  cw 
power  at  a  2mm/sec  &  1  mm/sec  scanning  speed.  The  layered  fan 
shape  disk  has  8  layers,  each  layer  being  0.5  mm  thick.,  (c)  14  W  cw 
power  at  1  mm/sec  scanning  speed.  The  layered  conical  shape  has  36 
layers,  each  layer  being  0.5  mm  thick. 

Fig.  3  (d)  Our  First  attempt  to  fabricate  a  strain-gauge  by  SFF 
techniques  from  iron-bronze  premix  powder.  The  sintering  laser  spot 
size  was  0.8  mm  carrying  a  power  of  14  W  cw,  scanning  at  a  speed  of 
0.8  mm/sec.  The  sintering  was  done  in  a  flowing  Ar-gas.  The  sample 
has  6  layers,  each  layer  being  0.5  mm  thick.  Length  and  width  of  the 
sintered  folded  sample  is  16  mm  and  8.3  mm  respectively.  The  grove 
size  is  around  100  pm. 
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optical  fiber  was  attached  to  an  OPC  re-imaging  unit  from  "Opto  Power  Inc.".  This  unit 
can  produce  a  spot  size  of  0.8  mm  (<0.37  N.  A.)  on  the  sintering  bed  from  2. 1 6  mm  (0. 1 1 
N.  A. )  fiber  bundle.  Using  the  re-imaging  unit,  researchers  were  able  to  achieve 
transmission  efficiency  in  excess  of  90  percent. 

LASER  PROCESSING  PARAMETERS  (Table  1): 


Sample 

Power 

Scan-Speed 

#  of  Layers 

Energy  density 

Fig.  3. a 

15  W 

2  mm/sec 

8 

Fig.  3.  b 

15  W 

1  mm/sec 

10 

Fig.  3  c 

14  W 

1  mm/sec 

36 

Fig.  3.  d 

14  W 

0.8  mm/sec 

6 

Fig  4  c 

12  W 

2  mm/sec 

4 

Fig.  4  d 

14  W 

1  mm/sec 

4 

Fig  5,  #1 

12  W 

2  mm/sec 

4 

mns^iEiut  iSHHH 

Fig  5,  #2 

16  W 

2  mm/sec 

4 

Fig.5,  #  3  1 

10W 

1  mm/sec 

4 

ieim 

Fig.  5,  #4 

12  W 

1  mm/sec 

4 

Fig.  5,  #5 

14  W 

1  mm/sec 

4 

1 HMI  1  — 

Fig.  5,  #6 

16  W 

1  mm/sec 

4 

•  Energy  density  =  Power/(Spot  size  x  Scan  speed)  =  PD/Scan  speed 

•  PD  =  Power  density 

•  Laser  wavelength:  980  nm 

•  Laser  spot  diameter:  0.8  mm 

•  Layer  thickness:  0.5  mm 

•  Powder  bed  temperature  varies  between  80°  ~  100°C 

DENSITY  of  a  SLS  Parts: 

The  sintered  SLS  parts  density  is  around  50%  of  the  theoretical  density  with  about  50% 
open  porosity.  Cu75-Pb25  samples  prepared  by  SLS  techniques  have  higher  density  (70% 
of  theoretical)  compared  to  Fe-Bronze  sample. 

CURLING  of  a  SLS  Parts: 

In  this  research  we  have  also  observed  the  curling  and  bending  of  the  sintered  parts.  In 
our  research  we  have  observed  that  fast  scanning  speed  and  high  power  reduces  the 
curling.  To  investigate  it  further  we  fabricate  different  samples  on  different  substrates 
(Brass  screen,  Cu  strip,  iron  strip  and  on  powder).  Our  finding  is  that  using  powder  bed 
substantially  reduces  the  curling.  Powder  beds  trapped  the  laser  radiation  and  increase 
the  temperature  of  the  bed,  which  is  essentially  reducing  curling. 
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Microstructure  and  Microhardness: 


Mechanical  properties  of  SLS  process  sintered  parts  depend  mostly  on  the  amount  of 
energy  that  goes  into  the  surface  during  SFF  processeing.  The  amount  of  energy  density 
during  laser  sintering  for  the 
powder  depends  on  the  absolute 
power  at  the  spot  and  the  scan 
speed  of  the  laser  beam.  To 
study  the  effects  of  energy 
density  of  the  sintered  parts, 
different  samples  were  prepared 
from  Fe-bronze  powder  at 
varying  power  and  scan 
speeds.  Table  1  shows  the  lists 
of  samples  prepared  at  different 
processing  parameters.  Figure  5 
shows  that  as  the  energy  density 
increases  the  microhardness  of 
the  sample  decreases.  Increase 
of  energy  density  on  the  powder 
bed  increases  temperature  and 
decreases  the  cooling  rate.  This 
causes  grain  growth.  Figure  4 
(c,  d)  show  the  evidence  of  grain 
growth  due  to  an  increase  of 
energy  density.  Due  to  the  grain 
growth  of  the  sintered  Fe-Bronze 
samples  the  microhardness 
decreases  (Fig.  5). 


i  50  pm 


Fig.  4  (a)  Top  free  surface  of  sintered  Fe-bronze  powder, 
(b)  Is  the  cross-section  of  the  sample.  Fig.  4  (c,  d)  is  the 
microstructure  of  the  samples  at  two  different  powers  and 
scanning  speeds,  (c)  Energy  density  =  11.94  kJ/cm3  and  (d) 
energy  density  =  27.85  kJ/cm3  has  been  used. 


MARKING 

Presently,  ink-jet  or  bubble 
technologies  are  the  leading 
methods  for  marking  consumer 
products.  However,  due  to  the 
high  consumable  cost  of  the  inks 
and  solvents  used  in  these 
processes  along  with  the 
associated  environmental 
concerns,  laser  techniques  are 
making  rapid  inroads  as  viable 
alternatives.  Semiconductor 
diode  laser  arrays  operating  in 


Microhardness  of  a  Sintered  Fe-Bronze  Sample 

350  . . . . . . . . . . . . . . . . . 


300 


50  j 


o  j - * - * _ _ _ ; 

11.94  15.92  19.89  23.37  27.85  31.83 

Energy  Density  (kJ/cm3) 

Fig.  5  As  energy  density  increases  the  microhardness  of 
the  sintered  Fe-Bronze  sample  decreases,  making  the 
sample  softer. 


REFERENCE 


the  10  to  200  watt  output  range  have  tremendous  promise  in  this  market.  Utilizing  Opto 
Power’s  OPC-B060-812-FC,  laser  diode,  the  University  of  Connecticut  research  team  has 
shown  that  it  can  mark  black  plastic  with  a 
2D-array  of  fiber  bundles  coupled  to  high 
power  diodes  (Fig.  6).  This  is  now  being 
pursued  for  the  SFF  diode  laser  proximity 

CONCLUSION 


The  sintering  results  are  just  a  part  of  a 
continuing  effort  to  determine  the 
performance  parameters  of  high-power 
semiconductor  diode  lasers  and  their 
effectiveness  in  desktop  manufacturing  of 
small  objects.  In  addition  to  sintering,  the 
scope  of  this  work  includes  marking, 
engraving,  cutting,  drilling,  soldering  and 
wire  stripping.  Of  these  applications, 
individually  addressable  2D  of  array 
sintering  has  been  given  the  most  attention 
to  date.  Specifically  the  UConn  research 
team  is  exploring  the  feasibility  of  this  new 
idea  with  initial  implementation  in  the  area 
of  marking  or  engraving. 


(a) 


3  W 


(b)  12  W  (c) 

Fig.6  Experimental  demonstration  of  2D-array 
marking  by  a  flexible  2D-array  of  fibers.  The 
sample  is  a  black  plastic(Acrylonitrile- 
Butadiene-styrene  Resins).  The  average  power 
density  at  each  spot  was  about  200  W/cm2  and 
the  exposure  time  was  100  ms.  White  dots  are 
the  engraving  on  the  black  plastic. 
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Solid  State  Lasers  for  Stereolithography 


Jouni  P.  Partanen 
3D  Systems,  Inc. 

26081  Avenue  Hall,  California,  91355 


ABSTRACT 

Stereolithography  is  a  Rapid  Prototyping  &  Manufacturing  (RP&M)  technique  which  is 
used  to  produce  3  dimensional  plastic  parts  directly  out  computer  files  generated  by  CAD. 
Stereolithography  systems  use  ultraviolet  lasers  to  solidify  liquid  resin  into  the  desired  form  as 
defined  by  the  CAD  file.  In  recent  years,  solid  state  laser  technology  has  reached  the  point  where 
it  can  be  applied  to  stereolithography  (SL).  Frequency  tripling  of  the  powerful  lines  of  diode 
pumped  Nd/YAG,  Nd/YV04,  and  Nd/YLF  lasers  results  in  wavelengths  of  355  nm  (YAG, 
YV04),  351  nm  (YLF),  and  349  nm  (YLF).  All  these  lines  are  applicable  for  SL.  Commercial 
diode  pumped  lasers  with  tens  or  even  hundreds  milliwatts  in  the  ultraviolet  are  already 
available.  Efficient  frequency  tripling  of  the  Nd/YAG,  Nd/YV04,  or  Nd/YLF  lasers  requires 
pulsed  operation.  The  pulse  repetition  rates  at  maximum  average  power  are  typically  between  1 
and  30  kHz.  This  talk  describes  the  issues  relating  to  the  applications  of  pulsed  all  solid  state 
lasers  in  SL. 


1.  INTRODUCTION 

Stereolithography  (SL)  is  a  Rapid  Prototyping  &  Manufacturing  (RP&M)  technique 
which  is  used  to  produce  3  dimensional  plastic  parts  directly  out  of  files  generated  by  Computer 
Aided  Design  (CAD)  programs.  RP&M  systems  build  the  3-dimensional  objects  by  first 
converting  the  CAD  file  data  into  a  form  of  successive  2-dimensional  slices.  These  slices  (thin 
layers)  are  then  formed  and  joined  to  3 -dimensional  parts  using  many  different  methods.  In 
stereolithography,  these  slices  are  formed  by  solidifying  a  thin  layer  on  the  surface  of 
photocurable  resin  vat  using  an  ultraviolet  (uv)  laser.  The  uv  laser  beam  is  focused  from  above 
to  the  surface  of  the  vat  and  the  area  to  be  solidified  is  scanned  by  two  fast  moving  mirrors  -  one 
for  each  horizontal  direction.  A  new  layer  of  resin  is  solidified  directly  above  the  previously 
solidified  layer  attaching  immediately  to  all  of  the  layers  below  it.  Thus  the  part  grows  inside  the 
liquid  photopolymer  vat. 

Lasers  are  today  about  35  year  old  technology.  Since  the  beginning  there  has  been 
applications  of  lasers  in  many  different  fields.  During  the  last  10  years,  the  laser  technology  has 
reached  the  large  consumer  market  through  lasers  in  CD  players  and  in  fiberoptic 
communications.  These  high  volume  applications  use  diode  lasers  which  are  made  using 
semiconductor  technology.  These  lasers  are  inexpensive,  efficient  and  reliable.  Many  other 
technologies  that  apply  lasers  are  also  considering  the  use  of  diode  lasers  for  the  same  three 
reasons.  Unfortunately,  diode  lasers  are  not  available  at  the  ultraviolet  wavelengths  used  in 
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stereolithography.  However,  diode  lasers  can  be  used  to  pump  other  solid  state  lasers  to  in  order 
to  achieve  all  solid  state  laser  system  for  the  ultraviolet  wavelengths.  Although  these  laser 
systems  are  rather  complicated  and  thus  not  that  inexpensive,  they  can  both  more  reliable  and 
efficient  than  the  gas  laser  technology  presently  used  in  SL.  In  addition,  diode  laser  pumped 
solid  state  lasers  for  ultraviolet  can  be  made  much  smaller  than  the  gas  lasers  at  the  same  power 
level. 


2.  OPTIMAL  WAVELENGTH 

Commercially  available  photopolymer  initiators  have  their  optimal  absorption  at  certain 
specific  wavelengths.  Laser  beams  at  wavelengths  shorter  than  300  nm  are  not  usually  suitable 
for  SL  because  photons  at  that  energy  are  absorbed  by  all  molecules  of  the  resin.  The  photons 
absorbed  by  other  molecules  than  the  photoinitiators  do  not  cause  polymerization.  In  the 
wavelength  range  310  -  355  nm  the  pool  of  efficient  initiator  molecules  is  largest[l].  Thus 
almost  all  commercial  SL  systems  use  HeCd  lasers  at  325  nm  or  Argon  Ion  lasers  at  351  nm. 
The  photoinitiator  molecule  absorption  cross  sections  a  are  usually  very  different  at  the 
wavelengths  of  325  nm  and  351  nm.  Therefore  the  photopolymer  resins  are  different  for  SLA 
systems  with  either  HeCd  or  Ar  Ion  lasers.  Because  the  absorption  cross  sections  a  are  usually 
larger  at  325  nm  than  at  351  nm  less  photoinitiator  is  needed,  and  the  wavelength  around  325  nm 
is  preferred  for  stereolithography.  HeCd  lasers  generally  provide  up  to  40  mW  of  power  at  325 
nm  for  the  SLA-250  (250  mm  x  250  mm  build  area)  and  Argon  Ion  lasers  can  run  up  to  600  mW 
of  power  at  351  nm  for  the  SLA-500  (500  mm  x  500  mm  build  area).  The  average  lifetimes  of 
both  HeCd  lasers  and  ultraviolet  Argon  Ion  lasers  have  been  extended  beyond  4000  hours  in  the 
last  couple  of  years. 


3.  POSSIBLE  SOLID  STATE  LASERS 

There  are  at  least  3  different  possible  approaches  for  all  solid  state  ultraviolet  lasers  for 
stereolithography:  1)  direct  diode  laser,  2)  frequency  doubled  diode  laser,  and  3)  frequency 
converted  diode  pumped  solid  state  laser. 

As  mentioned  in  the  introduction  direct  ultraviolet  diode  lasers  are  not  yet  available.  Red 
diode  lasers  at  630  nm  are  the  shortest  wavelength  lasers  that  are  commercially  available.  In  the 
last  couple  of  years,  the  lifetimes  of  blue  lasers  have  improved  beyond  100  hours  and  more 
research  has  been  directed  towards  ultraviolet  diode  laser  technology.  However,  commercial  uv 
diode  lasers  are  probably  5  or  even  10  years  away  from  today. 

Red  (630  -  690  nm)  diode  laser  technology  has  developed  significantly  in  the  last  two 
years.  Frequency  doubling  of  670  nm  laser  leads  to  wavelength  of  335  nm,  close  to  optimal  for 
SL.  Reasonable  high  power  (>  0.5  W)  single  mode  diodes  lasers  are  already  commercially 
available  and  frequency  doubled  versions  could  be  developed  in  few  years. 

Frequency  converted  ultraviolet  diode  pumped  solid  state  lasers  are  commercially 
available  in  many  different  form.  Frequency  tripling  of  the  powerful  lines  of  Nd/YAG, 
Nd/YV04,  and  Nd/YLF  lasers  results  in  wavelengths  of  355  nm  (YAG  and  YV04),  351  nm 
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(YLF),  and  349  nm  (YLF).  A  frequency  doubled  Nd/YV04  as  applied  to  SL  will  be  describe  in 
the  following  sections. 


4.  FREQUENCY  TRIPLED  Nd/YV04  LASER 

Nd/YV04  laser  has  its  strongest  lasing  line  at  the  wavelength  of  1064  nm.  Frequency 
tripling  of  that  line  results  to  the  wavelength  of  354.7  nm.  Frequency  tripling  of  a  laser  beam  is  a 
two  step  process  which  uses  nonlinear  optical  crystals.  It  is  shown  schematically  in  Fig.  1.  The 
first  step  is  frequency  doubling  that  combines  two  infrared  photons  (1064  nm)  into  a  single 
photon  of  visible  green  light  (532  nm).  In  a  doubling  process  the  frequency  is  doubled  and 
consequently  the  wavelength  is  divided  by  two.  The  second  step  of  tripling  process  is  frequency 
mixing  as  shown  in  Fig.  1.  In  this  step  one  green  photon  (from  the  doubling  process)  is  mixed 
with  one  of  the  original  infrared  photons  inside  another  nonlinear  crystals.  In  this  process 
frequencies  of  the  doubled  and  the  original  are  added  up  leading  to  three  times  the  original 
frequency  and  to  one  third  of  the  original  wavelength.  Fig.  2  shows  a  practical  implementation 
of  the  frequency  tripling.  Original  infrared  photons  (not  visible  in  the  photo)  arrive  from  right  of 
the  doubling  crystal  housing.  The  green  photons  (visible  in  the  photo)  exiting  this  housing  are 
steered  by  two  mirrors  to  the  mixing  crystal  housing.  All  three  wavelength  (infrared,  green,  and 
ultraviolet)  photons  exit  mixing  crystal  to  left  (only  the  green  ones  are  visible  in  the  photo).  The 
infrared  and  green  photons  are  removed  from  the  beam  later  by  dichroic  mirrors. 


Frequency 


Mixing 
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L 
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1064  nm 

i 

l 

L 

Infrared 
1064  nm 
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532  nm 
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Infrared 
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532  nm 

Ultraviolet 
354.7  nm 


Fig.  1.  Schematic  diagram  of  the  frequency  tripling  process. 
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Fig.  2  Photograph  of  a  frequency  tripling  apparatus. 


The  nonlinear  crystals  used  in  the  frequency  tripling  process  require  the  laser  power  to  be 
in  the  range  of  kilowatts.  In  order  to  generate  efficiently  tens  or  hundreds  of  milliwatts  of 
frequency  tripled  power,  the  infrared  Nd/YV04  laser  is  made  with  a  Q-switched  cavity.  A 
schematic  diagram  of  the  power  output  from  a  Q-switched  laser  cavity  is  shown  in  Fig.  3.  The 
light  comes  out  from  the  cavity  in  typically  10  ns  pulses.  The  period  between  successive  pulses 
is  typically  30  ps.  Thus  the  power  during  the  short  laser  pulse  can  be  many  thousands  times 
higher  than  the  average  power  with  a  Q-switched  cavity  and  therefore  the  frequency  tripling 
process  can  be  efficient  at  the  infrared  laser  power  level  of  a  few  watts. 


5.  STEREOLITHOGRAPHY  WITH  PULSED  LASERS 

There  are  new  factors  that  have  to  be  considered  when  a  pulsed  laser  is  applied  to  SL, 
since  all  previous  experience  is  based  on  cw  (continuous  wave)  gas  lasers.  First,  the 
instantaneous  power  during  the  10  ns  pulse  of  frequency  Nd/YV04  laser  is  more  than  3  orders  of 
magnitude  higher  than  the  average  power  or  the  power  of  a  typical  gas  laser  applied  in  SL. 
However,  we  do  not  expect  any  significant  optical  damage  problems  at  these  power  levels  yet. 
Also  it  is  questionable  if  the  polymerization  process  is  similar  if  the  same  amount  of  exposure  is 
applied  either  in  10  ns  or  in  30  ps.  Because  there  are  no  important  chemistry  related 
characteristic  time  constants  in  the  range  from  10  ns  to  30  ps,  we  expect  that  the  polymerization 
process  for  the  repetitive  pulsed  laser  should  proceed  as  if  the  exposure  were  applied  with  a  cw 
laser.  To  address  this  problem  we  have  used  a  pulsed  frequency  tripled  Nd/YLF  laser  at  349  nm 
in  an  SLA  with  SL5180  resin  that  has  designed  for  Argon  Ion  laser  at  351  nm.  The 
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Fig.  3.  Schematic  diagram  of  output  from  a  Q-switched  Nd/YV04  laser  cavity. 


Windowpanes  test  [2]  results  are  shown  in  the  Working  Curve  of  Fig.  4.  A  least  mean  square  fit 
leads  to  resin  parameters,  critical  intensity  Ec  =  15.0  mJ/cm2  and  penetration  depth  DP  =  5.0  mils. 
These  are  within  experimental  error  of  the  default  values,  critical  intensity  Ec  =  1 6.2  mJ/cm2  and 
penetration  depth  DP  =  5.2  mils,  for  a  cw  Argon  Ion  Laser.  On  the  basis  of  these  Windowpanes 
and  other  subsequent  experiments,  we  conclude  that  we  do  not  observe  any  significant  difference 
in  polymerization  if  the  same  exposure  is  applied  either  cw  lasers  or  high  repetion  rate  (>  1  Khz) 
Q-switched  pulse  laser. 

Another  factor  to  be  considered  is  related  to  scanning  speed.  In  order  for  the  cured  line  to 
be  continuous  and  without  large  modulation,  we  require  the  time  between  the  laser  pulses  to  be 
shorter  than  the  time  required  to  travel  laser  spot  half  width  W0  using  the  scanning  speed  Vs. 
Based  on  the  analysis  presented  in  Ref.  [3]  it  is  straightforward  to  derive  a  criteria  for  the 
minimum  pulse  repetition  frequency  Fmin 

F  -H.II 

1  min  Ur  v 

Wq  V  n 

Here  PL  is  the  average  laser  power  and  Cd  is  the  expected  depth  of  cured  line.  In  Fig.  5  we  plot 
the  minimum  repetition  frequency  Fmin  as  a  function  of  the  laser  power.  We  assume  the 
properties  of  the  SL5180  photopolymer  resin  {Ec  =  16.2  mJ/cm2  and  DP  =  5.0  mils),  the  cure 
depth  Cd  =  DP,  and  a  spot  diameter  2  W0  =  250  pm. 
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Minimum  Repetition  Frequency  (kHz) 


WORKING  CURVE 


Exposure  (mJ/cm2) 


Fig.  4  Working  curve  for  SL5 1 80  resin  determined  for  pulsed  frequency  tripled  Nd/YLF  laser  at 
the  wavelength  of  349  nm. 


Fig.  5.  Minimum  Repetition  Frequency  for  a  pulsed  laser  as  a  function  of  average  power. 


6.  OPTOLASER 


It  was  mentioned  in  the  introduction  that  diode  pumped  solid  state  lasers  can  be  made 
much  smaller  than  the  gas  lasers  presently  used  in  SL.  3D  Systems  has  taken  advantage  of  this 
in  the  development  of  the  frequency  tripled  diode  pumped  Nd/YV04  laser  (OptoLaser™)  for  the 
SLA  350.  Because  the  laser  cavity  itself  can  be  made  compact  all  the  beam  conditioning  optics 
needed  for  SL  are  included  in  the  OptoLaser™  head.  A  schematic  diagram  of  the  OptoLaser™ 
head  is  shown  in  Fig.  6.  The  laser  for  SLA-350  is  manufactured  by  Spectra-Physics  Lasers,  Inc. 
As  a  result  of  internal  beam  conditioning  optics,  all  elements  can  be  factory  prealigned  with 
custom  tooling. 


Acousto-Optic  _  _. 

Nd/YV04  Laser  Fast  Shutter  Frequency  Converter 


Doubling 

•Crystal 


Tripling 

Crystal 


Laser  Output 


Fig.  6.  Schematic  diagram  of  the  OptoLaser™  head  used  in  SLA350. 


7.  CONCLUSION 

Ultraviolet  solid  state  lasers  have  reached  maturity  level  where  they  can  be  applied  to 
stereolithography.  Their  main  advantages  are:  compactness,  efficiency,  and  life  expectance. 
This  paper  discusses  issues  that  relevant  in  application  of  all  solid  state  lasers  for 
stereolithography . 
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Abstract  -  CAM-LEM  (Computer-Aided  Manufacturing  of  Laminated  Engineering  Materials)  is 
an  SFF  technology  suitable  for  many  engineering  materials  for  which  feedstock  is  available  in 
sheet  form;  lamination  and  post-processing  procedures  are  materials  specific.  Two  methods  for 
producing  sheetstock,  tapecasting  and  compression  molding  ,  are  discussed  and  contrasted. 
Ceramic  and  metallic  components  that  have  been  produced  via  CAM-LEM  are  described. 

1.  Overview  of  Process  -  Computer-aided  manufacture  of  laminated  engineering  materials 
(CAM-LEM)  is  a  sheet-feedstock-based  process  for  rapid  prototyping  capable  of  producing 
functional  components  directly  using  engineering  materials  (advanced  ceramics,  metals,  or 
engineering  polymers).  An  outline  of  the  process  is  given  in  a  companion  paper  [1]  and  prior 
publications  [2-4],  A  significant  unique  feature  to  CAM-LEM  is  that  it  is  a  “cut -then- stack” 
approach  in  which  the  production  of  pseudo-2D  contours  via  laser  cutting  and  stacking  are 
carried  out  as  separate  operations.  This  approach  required  the  development  of  an  automated 
process  for  precise  manipulation  of  cut  sheet  stock  [2],  but  offers  three  basic  advantages.  First, 
because  each  sheet  is  manipulated  independently,  it  is  possible  to  incline  the  feedstock  during 
laser  cutting  so  that  the  “tangent  cutting”  can  be  used  to  improve  surface  finish  or  increase  build 
rate  [1],  Secondly,  as  solid  sheets  are  used,  CAM-LEM  offers  a  great  deal  of  flexibility  in  the 
choice  of  materials  that  can  be  employed.  Many  materials  are  commercially  available  as  sheets 
and  essentially  all  powders  can  be  pre-processed  (in  most  cases,  using  a  binder  system)  to 
produce  sheet  stock  of  a  microstructure  optimized  for  post-assembly  thermal  processing.  Of 
particular  interest  for  the  production  of  ceramic  and  metal  components,  the  use  of  a  separate  pre¬ 
processing  step  to  produce  sheet  feedstock  allows  the  use  of  very  fine  powders  when  desired 
without  the  typical  flowability  issues  arising.  Thirdly,  because  cut  outlines  are  added 
sequentially,  it  is  possible  to  build  using  a  variety  of  feedstocks  and  to  produce  green  assemblies 
that  have  spatially  varying  composition  both  from  layer-to-layer  and  within  a  given  layer. 

The  issue  of  tangent  cutting  is  discussed  elsewhere  [1],  The  following  will  address:  the 
characteristics  of  feedstock  suitable  for  CAM-LEM  processing;  the  processes  used  for 
fabricating  sheetstock;  lamination;  resultant  microstructures  within  fired  components;  and  typical 
components. 

2.  Sheet  Feedstocks  -  The  focus  of  this  discussion  is  powder-based  sheetstock,  of  which  there 
are  two  classes  that  exhibit  different  characteristic  behavior.  The  first  is  produced  by  tape 
casting  [5],  Green  tape  produced  by  this  method  has  roughly  55  vol.  %  inorganic  powder,  15% 
organic  binder,  and  the  balance  porosity.  The  porosity  is  typically  finely  divided,  but 
continuous.  The  binder  is  typically  linear,  glassy  and  soluble  in  relatively  benign  solvents.  Two 
types  of  alumina  tapes  have  been  used  in  CAM-LEM  experiments;  one  cast  from  a  nonaqueous 
suspension  in  a  solution  of  polyvinyl  butryal  and  the  other  cast  from  a  suspension  in  a  water- 
based  acrylic  emulsion.  Such  tapes  are  characterized  by  a  high  compressibility,  low  stiffness,  and 
(depending  on  the  glass  transition  temperature  of  the  binder)  a  susceptibility  to  viscous  flow 
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under  low  loads.  Both  commercial  tapes  (Coors  Electronic  Materials,  Chattanooga  TN)  and 
CWRU-produced  tapes  were  used.  For  components  built  from  these  tapes,  binder  removal  was 
effected  through  pyrolysis.  The  polymer  was  thermally  decomposed  volumetrically  through 
controlled  heating.  The  presence  of  continuous  porosity  allows  gaseous  decomposition  products 
to  be  vented,  minimizing  the  build-up  of  internal  pressures. 

The  other  class  of  tape  is  produced  by  compression  molding  or  extrusion.  In  all  the 
experiments  described,  sheet  stock  was  fabricated  by  compression  molding  of  a  commercial 
granulated  injection-molding  feedstock  (BASF,  Wyandotte  MI)  [6],  In  contrast  to  the  tape-cast 
material,  such  feedstock  contains  virtually  no  porosity.  Depending  on  the  shape,  size  and  size 
distribution  of  the  inorganic  powder,  the  feedstock  has  a  solids  loading  of  between  45  and  65 
vol.  %.  The  binder  system  has  two  components,  the  major  phase  being  polyoxymethylene 
(POM)  which  is  highly  crystalline,  nonpolar,  and  insoluble  in  most  solvents.  The  sheetstock  is 
strong,  stiff,  and  of  low  compressibility.  Due  to  its  nonporous  nature,  binder  removal  is 
accomplished  using  a  catalytic  process.  In  the  presence  of  gaseous  nitric  acid,  POM 
depolymerizes  at  a  temperature  substantially  below  its  melting  point.  Thus,  the  system  is 
phenomenologically  a  “shrinking  core”  process;  the  polymer  decomposes  at  the  receding  surface 
and  the  resultant  gases  are  vented  through  the  porous  shell.  Within  the  core,  the  polymer  remains 
a  crystalline  solid. 


Green  Ceramic  Tape 


Green  Assembly 
Platform 


Discard, 


Cutting  Station 
(X-Y  Table) 


i 


gBgSSSS5553 

Fugitive  Organic  Tape 


Figure  1 .  Schematic  representaion  of  the  use  of 
two  feedstocks  in  CAM-LEM. 


As  illustrated  in  Fig.  1,  by  using  a 
cut-then-stack  approach  CAM-LEM 
offers  the  opportunity  to  build 
individual  layers  of  two  different  types 
of  materials,  one  of  which  can  serve  as  a 
“fugitive,”  i.e.,  it  can  provide  for 
temporary  support  during  build,  but  is 
removed  after  lamination  is  complete, 
but  prior  to  final  densification.  Beyond 
their  use  as  temporary  supports,  such 
fugitives  can  serve  as  a  pressure- 
transmitting  medium  during  lamination, 
allowing  a  component  of  complex 
geometry  to  present  a  simple  external 
shape  after  assembly.  Two  types  of 
materials  have  been  used  as  fugitives,  one 
for  each  class  of  sheetstock. 

For  tape-cast  sheetstock,  the 
fugitive  was  also  tape  cast.  The  binders, 
solvents  and  procedure  were  essentially 
unchanged,  but  the  filler  was  different. 
Rather  than  using  a  finely  divided  (~0.5 
pm)  sinterable  alumina,  a  coarse  alumina 
(-10-15  pm)  mixed  with  low-ash  corn 
starch  was  used.  Upon  heating  to  inter  - 
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mediate  temperature,  the  base  material  (fine  alumina)  developed  modest  strength  prior  to 
densification,  whereas  the  fugitive  tape  was  converted  to  a  loose  flowable  powder  that  was  easily 
removed. 

The  fugitive  for  the  compression  molded  sheetstock  was  a  commercial  POM  polymer 
sheet.  During  catalytic  debinding,  the  polymer  sheet  decomposed,  the  small  residue  left  behind 
during  debinding  being  removed  by  pyrolysis  during  the  initial  stage  of  the  sintering  heat 
treatment. 

3.  Laser  Cutting  Behavior  -  Laser  cutting  is  a  complex  function  of  laser  beam  intensity,  table 
velocity,  thermal  properties  of  the  green  tape,  tape  porosity,  and  binder  chemistry.  As  currently 
implemented,  the  laser  cutting  system  employs  a  gas  jet  that  is  coaxial  to  the  laser  beam  and 
which  impinges  directly  on  the  sheetstock.  Good  laser  cutting  is  associated  with  high  absorption 
of  laser  light,  low  thermal  conductivity  of  the  tape,  and  temperature-independent  high  stiffness. 
Most  materials  give  good  cutting  behavior.  The  only  materials  that  have  proven  difficult  to  cut 
with  a  low  power  C02  laser  are  those  that  are  of  low  absorption  and  which  exhibit  a  broad 
softening  range,  e.g.,  nylon  and  polyethylene. 

The  characteristics  of  the  laser-cut  edge  differ  depending  on  the  nature  of  the  sheetstock. 
Some  degree  of  taper  is  associated  with  all  laser  cutting.  For  tape-cast  sheetstock,  taper  angles 
were  on  the  order  of  7-8°,  whereas  for  the  compression  molded  sheetstock,  taper  was  roughly 
one-half,  =4°.  There  was  evidence  of  a  heat-affected  zone  in  the  tape-cast  alumina  sheetstock;  an 
approximately  50  pm  thick  dense  skin  at  the  laser-cut  edge.  In  contrast,  for  the  dense  POM 
powdered  metal  tape,  there  was  no  observable  change  in  microstructure  right  up  to  the  laser  cut 
edge.  There  are  at  least  two  plausible  origins  of  the  dense  skin  associated  with  laser  cutting  tape- 
cast  sheetstock,  localized  melting  and  resolidification  or  viscous  flow  of  the  porous  polymeric 
binder  in  the  heat-affected  zone.  The  second  appears  more  likely,  as  stringer  formation  and 
beading  were  both  found  when  laser  cutting  polymeric  sheet  that  had  a  tendency  to  melt.  The 
consequence  of  the  densified  layer  on  final  microstructure  after  sintering  remains  an  area  of 
research  activity. 

4.  Lamination  Methodology  and  Firing  Schedules  -  Very  different  techniques  were  used  to 
laminate  the  tape-cast  PVB  sheetstock  and  the  compression-molded  POM  sheetstock. 

4.1  Solvent-Based  Method  of  Tacking  and  Lamination  of  Tape-Cast  PVB  Alumina  Tape  - 

The  use  of  solvents  to  soften  the  surface  of  the  interface  of  mating  tapes  and  aid  in  lamination  is 
not  a  new  idea,  but  conventional  practice,  for  example,  in  the  fabrication  of  multilayer  ceramic 
substrates  typically  involves  large  strains  (>10%)  and  are  not  suitable  for  lamination  of  green 
stacks  when  it  is  necessary  to  preserve  precise  external  dimensions.  The  advantage  of  solvent 
lamination  over  thermocompression  is  that  only  the  near-surface  region  of  the  tapes  is  softened, 
so  that  deformation  is  localized. 

4.1.1  Adhesive  Formulation  -  In  these  studies,  an  ethanol/toluene  mixture  was  applied  between 
sheets  during  stacking.  The  resultant  tacky  surfaces  ensured  that  successive  sheets  were 
immobilized  as  they  were  added  to  the  stack.  The  volatile  nature  of  pure  ethanol  and  toluene, 
coupled  with  capillary  suction  into  the  porous  green  tape,  it  caused  difficulty  in  depositing  and 
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maintaining  a  uniform  film  of  solvent.  Evaporation  was  suppressed  and  the  viscosity  increased 
through  the  addition  of  polypropylene  glycol  (1000  m.w.)  to  form  an  adhesive  solution  that 
rendered  surfaces  persistently  tacky.  In  most  experiments,  a  triaxial  formulation  consisting  of  40 
wt.%  ethanol,  20  wt  %  toluene  and  40  wt.%  polypropylene  glycol  was  used.  Both  solvents 
were  removed  by  vapor  phase  transport  through  the  porous  tape  during  drying.  Polypropylene 
glycol  is  a  plasticizer  for  PVB  and  is  presumed  to  migrate  away  from  the  interface  during  the 
initial  stage  of  firing,  either  by  capillary  action  into  the  pore  space  and/or  by  dissolution  into  the 
binder. 

4.1.2  The  Lamination  Process  -  Figure  2  schematically  outlines  the  steps  of  the  adhesive 
lamination  process  which  was  developed  for  CAM-LEM  technology.  Using  this  process,  30 
layer  samples  consisting  of  25.4  mm  square  sheets  were  stacked  and  laminated.  [In  these 
experiments  manual,  rather  than  robotic,  stacking  was  used  for  experimental  convenience.]  In  the 
first  step,  a  layer  of  tape  was  placed  on  a  smooth,  glass  plate  and  brushed  to  remove  cutting 
debris.  Once  the  surface  was  clean,  adhesive  was  uniformly  applied  to  the  entire  surface  with  an 
atomizer  (approximately  3  x  10-4  gm/mm2).  The  next  layer  of  tape  was  added  to  the  stack  and 
rolled  with  a  0.45  kg,  finely  polished,  aluminum  roller  (50.8  mm  diameter).  Rolling  was  initiated 
at  the  center  of  each  layer,  followed  by  5  complete  strokes  traversing  the  entire  surface  of  the 
slice.  This  process  was  repeated  for  each  additional  layer.  On  completion  of  the  stack,  samples 
were  vacuum-degassed,  by  placing  the  rolled  stack  in  a  latex  bag  and  evacuating  (using  shop 
vacuum)  with  a  micro-pipette  and  holding  for  30  minutes.  After  evacuation,  the  sample  was 
sealed  within  the  bag,  uniaxially  pressed  at  room  temperature  to  1  MPa  and  held  for  10  seconds. 

The  sample  was  removed 
from  the  bag,  dried,  and 
fired.  Samples  were 
debinded  by  heating  at  0.2 
°C/min.  to  800°C,  and 
then  more  rapidly  heating 
at  3  °C/min  to  1560°C  for 
sintering.  Dimensional 
changes  were  measured 
after  each  stage  with  a 
micrometer,  and  all 
samples  were  sectioned 
after  sintering.  Die 
penetrant  was  used  to  aid 
in  delamination  and  crack 
detection. 


Thirty-layer  samples 
were  used  to  test  the 
adhesive  lamination 
process.  In  all  samples 
made  to  date,  the  30 
layers  completely  fused 
together  and  no  lamina- 
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1 )  Stack  first  layer. 


2)  Clean  cutting  debris. 


3)  Spray  deposit  adhesive  film. 


Cl 


4)  Add  next  sheet  and  roll  at  low  load; 
ceramic  sheets  are  elastically  deformed. 

5)  Repeat  steps  1-4  until  object  is  completed. 


6)  Uniaxial  press  to  slightly  greater  than  yield 
stress,  then  de-bag. 


7)  Slow  binder  burnout  (0.2  °C/min.)  and  fire 
(3  °C/min)  to  densify. 


Figure  2.  Schematic  of  the  adhesive  lamination  process. 
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tion  seams  were  detected;  in  marked  contrast  to  the  high  density  of  lamination  defects  observed 
using  other  techniques,  such  as  warm  isostatic  pressing.  The  rolling  load  was  very  small  (<  0.45 
kg.)  and  the  applied  stress  was  only  one-half  of  the  yield  stress  for  the  tape.  No  dimensional 
changes  could  be  detected  in  the  green  state  after  rolling.  The  function  of  the  roller  is  to  ensure 
conformation  of  each  tape  to  the  underlying  stack,  and  to  express  both  bubbles  and  excess  fluid, 
so  that  a  thin  uniform  layer  of  the  adhesive  solution  is  left  at  each  interface.  The  vacuum 
degassing  step  was  included  to  assist  in  the  removal  of  bubbles  and  excess  fluid,  but  it  was 
subsequently  determined  to  be  unnecessary.  It  is  during  the  uniaxial  pressing  step  that  yielding 
occurred,  but,  even  during  this  step,  dimensional  changes  were  small,  <  0.5%  linear  change.  All 
samples  demonstrated  linear  shrinkages  of  ~15  %  during  sintering,  which  is  typical  for  these 
tapes. 

4.1.3  Fugitive  Tapes  -  The  adhesive  lamination  process  requires  that  the  applied  load,  during 
uniaxial  pressing,  be  effectively  transmitted  throughout  the  entire  stack,  so  that  all  interfaces  are 
approximately  equally  loaded.  Thus,  it  is  highly  desirable  to  prepare  a  fugitive  that  has  a 
mechanical  response  similar  to  that  of  the  baseline  tape,  particularly  at  small  strains.  The  need  to 
match  mechanical  properties  proved  to  be  the  key  criterion  for  a  successful  fugitive.  This  is 
demonstrated  in  Figs.  3-5. 

Figure  3  shows  stress-strain 
curves  from  tensile  tests  of  two 
fugitive  tapes  (prepared  with 
small  filler,  but  different  binders) 
compared  to  that  for  the  baseline 
PVB  alumina  sheetstock. 
Fugitive- 1  is  of  lower  stiffness 
and  yields  at  a  significantly  lower 
stress  than  the  baseline  material. 
Although  Fugitive-2  also  deviated 
from  the  baseline  at  large  strains, 
its  behavior  reasonably 
approximates  that  of  the  baseline 
material  at  small  strain.  The 
consequence  of  this  on  lamination 
behavior  is  readily  seen  in  the 
simple,  but  asymmetric, 
specimens  shown  in  Fig.  4  and  5. 
Specimens  were  prepared  using  each  of  the  fugitives,  laminated,  fired,  sectioned,  and  examined 
with  the  aid  of  a  die  penetrant.  AlS  evident  in  Fig.  4,  the  softer  fugitive  was  ineffective  as  a 
pressure  transmitting  medium  so  that  lamination  defects  were  present  in  the  final  piece.  The 
fugitive  designed  to  match  the  base  line  material  was  completely  successful  and  the 
microstructure  of  the  finished  piece  is  devoid  of  lamination  defects.  Fig.  5. 

4.2  Thermocompressive  Lamination  of  POM  Powdered-Metal  Tape  -  Because  the 
compression  molded  POM  tapes  are  nonporous  and  the  polymer  is  insoluble,  adhesive 
lamination  cannot  be  used  with  this  type  of  sheetstock  and  thermocompression  was  needed. 
Initial  experiments  attempted  uniaxial  forging  at  modestly  elevated  temperatures.  However, 


Figure  3.  Mechanical  behavior  of  two  fugitives 
compared  to  the  baseline  alumina  tape. 
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Figure  4.  Cross  section  of  a  sample 
laminated  with  fugitive- 1 .  Note  the 
delamination  revealed  by  die  penetrant. 


Figure  5.  Optical  micrograph  of  a  sample 
laminated  with  fugitive-2,  in  which  there  was 
no  delamination. 


control  proved  difficult,  as  the  polymer  remained  stiff  and  unyielding  over  a  wide  range  in 
temperature,  but  then  suddenly  became  fluid  and  susceptible  to  gross  deformation.  A  system 
was  needed  that  would  provide  both  a  confining  pressure  and  accommodate  a  variety  of  shapes. 


The  procedure  adopted,  “quasi-isostatic  pressing,”  involves  burying  the  piece  in  a  low 
friction  powder  (120  pm  spherical  graphite  granules)  within  the  cavity  of  a  large  diameter 
(relative  to  the  piece  dimension)  uniaxial  press.  The  temperature  is  raised  and  a  load  applied  to 
the  rams.  With  the  powder  as  a  pressure  transmitting  medium,  the  applied  load  on  the  piece  is 
anisotropic;  the  load  parallel  to  the  pressing  direction  is  roughly  twice  that  perpendicular  to  the 
pressing  direction  [7]. 


This  method  is  very  effective  at  achieving  100%  lamination  efficiency.  Backing  plates 
were  sometimes  necessary  to  preserve  flatness  and,  in  some  instances,  surface  texture  developed 
during  pressing.  The  primary  issue  for  such  lamination  is  the  absence  of  an  adhesive  to  tack 
sheets  together  during  stacking.  In  these  experiments,  registration  of  the  individual  cut  sheets 
was  achieved  through  the  use  of  fugitive  pins  machined  from  a  block  of  commercial  POM.  In 
addition,  the  selective  application  of  a  water-soluble  glue  (polyethylene  oxide)  to  the  exterior 
surface  during  building  was  used. 

5.  Catalog  of  CAM-LEM  Parts  -  Although  a  wide  variety  of  sheetstocks  are  compatible  with 
CAM-LEM  technology[2],  including  a  wide  variety  of  green  ceramic  tapes  (e.g.,  silicon  nitride, 
PLZT,  and  zirconia),  the  primary  material  that  has  been  used  to  date  is  a  commercial  high- 
alumina  material.  Figure  6  is  a  catalog  of  photographs  of  some  of  the  alumina  pieces  that  have 
been  produced.  Each  of  these  pieces  was  chosen  to  test  a  particular  feature  of  the  CAM-LEM 
process.  The  ceramic  head  (CAD  file  downloaded  from  the  internet)  demonstrates  the  ability  to 
manufacture  relatively  large  blocky  components  which  require  large  areas  of  lamination  and  have 
a  large  characteristic  distance  for  binder  burnout.  The  amphitheater  flange  (CAD  file  created  in 
AutoCAD™)  demonstrates  the  ability  to  preserve  flatness  across  wide  spans  and  to  process 
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Alumina  Parts  made  by  CAM-LEM 


components  with  both  thick  and  thin 
walled  sections.  The  dogbone  test 
specimen  (CAD  file  created  in 
AutoCAD™)  illustrated  the  ability 
to  produce  both  test  specimens  and 
actual  components  using  the  same 
process,  so  that  material  property 
data  can  be  collected  on  material  of 
equivalent  microstructure  to  that 
which  will  be  put  in  service.  The 
section  of  a  dog  femur,  the  ceramic 
turbine  blade  and  the  channel  plate  all 
illustrate  the  ability  to  produce 
hollow  shapes  that  are  difficult  to 
produce  using  hard  tooling.  The  dog 
femur  (CAD  file  derived  from 
computed  tomography  scan  of  an 
actual  bone)  has  an  irregular  interior 
cavity  from  which  it  would  b  e 
difficult  to  extract  an  insert  after 
forming.  The  section  of  a  ceramic 
turbine  blade  (CAD  file  modified  in 
Pro/Engineer™)  shows  a  regular 
shape  that  is  equally  difficult  to 
produce,  in  this  case  because  of  the 
twist  of  the  interior  voids. 

The  channel  plate  is  actually  a  three-layer  structure,  the  serpentine  structure  is  a  ~2  m.  long 
capillary  channel  and  it  is  sandwiched  between  dense  plates  that  have  small  holes  (0.5  mm  dia.) 
that  serve  as  an  inlet  and  outlet.  The  fluidics  device  (CAD  files  modified  in  AutoCAD™)  is  a 
ceramic  prototype  of  a  production  component  that  was  manufactured  to  tolerance  and 
performance  tested  by  the  manufacturer  of  the  metallic  equivalent. 
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Figure  6.  Catalog  of  ceramic  CAM-LEM  parts. 


Figure  7.  Stainless  steel  made  by  CAM-LEM. 


Figure  7  show  a  metallic  thrust  plate  that 
was  fabricated  from  316L  stainless  steel.  The 
CAD  file  was  generated  in  Pro/Engineer™  using 
a  blueprint  that  was  supplied.  The  sheetstock 
was  compression-molded  tape  made  from 
commercial  feedstock.  This  piece  demonstrates 
that  components  can  readily  be  made  using  a 
sheetstock  that  is  nonporous  and  stiff.  Also  of 
significance  is  the  demonstration  that 
conventional  POM  polymer  sheet  can  be  used 
as  a  fugitive  phase;  they  are  of  adequate 
stiffness  and  can  be  readily  removed  during 
catalytic  debinding. 
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6.  Summary  -  Two  classes  of  sheetstock  have  been  produced  that  are  compatible  with  CAM- 
LEM  technology  for  the  production  of  engineering.  Each  type  of  sheetstock  can  be  used  to 
produce  both  engineered  ceramic  and  metallic  components.  Different  lamination  methodologies 
have  been  developed  for  each  class  of  feedstock.  An  array  of  components  have  been  produced  in 
alumina,  and  a  limited  set  has  been  produced  in  stainless  steel. 
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Fused  Deposition  of  Ceramics  (FDC)  and  Metals  (FDMet)  are  SFF  techniques,  based  on 
commercial  FDM™  technology,  for  rapid  fabrication  of  functional  ceramic  and  metal  parts  from 
powder/binder  materials.  This  work  demonstrates  the  possibility  of  applying  FDC  and  FDMet  to  a 
variety  of  ceramic  and  metal  particulate  systems  for  fabrication  of  components/parts/devices  for 
wide  ranging  applications  such  as  tooling,  investment  casting  cores  and  shells,  structural  and 
functional  components,  etc.  Several  particulate  ceramic  and  metal  systems  have  been  explored  for 
FDC  and  FDMet.  The  particulate  systems  explored  vary  in  particle  size  from  nano-crystalline 

(WC-Co)  to  coarse  (>100  |im  SiCb)  particles.  The  material  systems  explored  for  FDC  and  FDMet 
vary  from  conventional  ceramic  and  metal  systems  such  as  SiC>2  and  stainless  steel  to  advanced 
materials  such  as  Si3N4  and  PZT.  FDC  and  FDMet  of  such  a  variety  of  material  systems  using  a 
commercial  FDM™  system  has  been  made  feasible  by  development  of  a  unique  series  of  binders, 
as  well  as  optimized  FD  processing,  binder  removal  techniques  and  sintering  conditions. 

I.  Introduction 

SFF  techniques  have  been  commercialized  for  fabrication  of  polymer  and  wax  parts  for 
design  verification  and  form  and  fit  [1].  Wax  and  polymer  parts  made  by  SFF  have  also  been  used 
to  produce  metal  and  ceramic  parts  using  a  two-step  process.  Once  a  wax  or  polymer  part  is  built 
by  SFF,  it  serves  as  the  positive  for  investment  casting  of  metallic  alloys  [1].  Also  the  wax  and 
polymer  materials  are  being  used  to  make  molds  for  ceramic  slurry  and  gel  casting  [2,3].  The 
direct  production  of  metallic  or  ceramic  prototypes  for  functional  applications  and  testing  is 
currently  a  major  focus  in  the  field  of  SFF  [1,  4-7]. 

Most  of  the  SFF  techniques  used  for  fabrication  of  metal  and  ceramic  parts  employ 
polymeric  binder  systems  to  bond  the  ceramic  or  metal  particles  together  to  form  a  green  part  [1,3- 
7],  Once  a  green  part  is  formed  by  the  SFF  technique,  further  processing  follows  the  approach  of 
conventional  green  forming  techniques,  such  as  powder  injection  molding.  The  fabricated  green 
part  is  processed  to  remove  the  binder  from  the  part  and  then  sintered  or  infiltrated  with  a  lower 
melting  second  phase.  However,  fabrication  of  green  metal  or  ceramic  parts  by  various  SFF 
techniques  have  been  far  from  trivial.  In  the  SFF  techniques,  effort  is  required  in  developing  the 
proper  binder  chemistry  and  often  tailoring  the  as-received,  commercial  ceramic  or  metal  powders  to 
allow  SFF  processing.  Once  the  binder  and  particulate  systems  have  been  developed,  the  SFF 
processing  conditions  are  optimized  to  fabricate  high  quality  green  bodies. 

This  article  discusses  the  results  of  a  new  SFF  technique,  called  Fused  Deposition  of 
Ceramics  (FDC)  and  Metals  (FDMet),  which  has  been  applied  to  a  wide  range  of  ceramic  and  metal 
systems  [3,6,7].  FDC  and  FDMet  are  based  on  an  existing  Fused  Deposition  Modeling  (FDM™) 
technology,  commercialized  by  Stratasys  Inc.  for  polymers  and  waxes  [8,9]. 

n.  Fused  Deposition  of  Ceramics  (FDC)  and  Metals  (FDMet) 

Fused  Deposition  of  Ceramics  (FDC)  and  Metals  (FDMet)  is  being  developed  to  create 
functional  ceramic  and  metal  components  using  ceramic  or  metal  powders  mixed  with  organic 
binder  systems.  The  mixed  powder-binder  feedstock  is  extruded  into  filaments  of  0.070"  nominal 
diameter,  which  are  then  used  as  the  feed  material  for  fabrication  of  green  ceramic  or  metal  parts 
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using  a  commercial  FDM™  system.  The  FDC/FDMet  green  part  is  then  subjected  to  conventional 
binder  removal  and  sintering  processes  to  produce  fully  dense  structural  ceramic/metal 
components.  As  in  the  case  of  any  manufacturing  process,  there  are  several  inter-related  process 
variables  which  determine  the  success  and  quality  of  parts  fabricated  by  FDC  or  FDMet. 

Successful  FDC/FDMet  processing  starts  with  fabrication  of  filaments  of  uniform  diameter 
(0.070"  ±  0.001")  to  be  used  as  feed  material  in  the  FD  hardware.  However,  for  a  filament 
material  to  be  suitable  for  FD  processing,  it  must  possess  certain  thermal  and  mechanical  properties 
[9,10].  The  key  variables  that  require  careful  attention  and  simultaneous  optimization  in 
developing  the  filaments  for  FDC/FDMet  processing  are:  viscosity  and  adhesion  behavior  of  the 
material,  and  the  flexural  modulus  and  strength  of  the  filaments.  Based  on  the  constraints  imposed 
by  these  variables,  a  series  of  thermoplastic  binders  have  been  developed  to  enable  FDC/FDMet 
processing.  These  binders,  called  the  RU  binder  series,  are  four  component  systems  -  an 
elastomer,  tackifier,  wax,  and  a  polymer.  The  amount  of  each  component  was  tailored  to  achieve 
appropriate  viscosity,  adhesion  behavior,  flexibility  and  stiffness  in  the  green  filaments  [  10] . 
Appropriate  tailoring  of  these  components  and  selection  of  a  suitable  surfactant  for  a  specific 
particle  system  have  enabled  FDC/FDMet  processing  of  several  ceramic  and  metal  systems. 

FDC/FDMet  using  the  RU  series  of  binder  has  been  demonstrated  for  S13N4,  fused  SiC>2, 
AI2O3,  lead  zirconium  titanate  (PZT),  stainless  steel  and  WC-Co.  In  each  of  these  particle 
systems,  initial  trials  for  FD  were  done  using  a  basic  composition  of  the  RU  binder  series,  called 
RU1,  which  has  30%  wax,  35%  polymer,  20%  elastomer,  and  15%  tackifier  by  weight.  Further 
optimization  of  the  binder  from  the  RU1  composition  was  done,  if  needed,  to  achieve  the  needed 
flexibility  in  the  filaments  to  allow  automated  FD  processing  or  to  lower  the  viscosity  to  enable 
FDC/FDMet  processing.  As  reported  elsewhere  [10],  the  binder  chemistry  has  been  nearly 
optimized  for  Si3N4  to  yield  flexible  and  continuous  filaments.  FDC/FDMet  of  other  materials  has 
been  demonstrated  without  much  variation  in  the  binder  composition  from  the  RU1  chemistry. 
Mixing  of  the  ceramic  or  metal  powder  with  the  binders  was  done  in  a  torque  rheometer  mixer  to 
achieve  50  to  65  volume  %  particle  loading.  The  particle  loading  achieved  in  a  specific  particulate 
system  depends  on  the  particle  size  and  particle  size  distribution  and  whether  or  not  a  suitable 
surfactant  is  used.  These  factors  determine  the  viscosity  of  the  mixed  feedstock  which  should  not 
exceed  a  certain  limit  which  will  prevent  FD  processing.  Filaments  were  fabricated  from  the  mixed 
feedstock  using  a  capillary  rheometer  or  a  single  screw  extruder  [10]. 

Once  suitable  filaments  were  fabricated,  FDC/FDMet  processing  was  done  using  a 
commercial  FDM™  system,  3D  Modeler™,  hardware  and  software.  Build  strategies  used  in  the 
FDC/FDMet  were  largely  the  same  as  those  for  FDM™  processing  of  wax  and  polymers. 
However,  some  novel  build  strategies  were  developed  and  implemented  to  prevent  and  eliminate 
property  limiting  internal  defects  which  arise  in  conventionally  processed  FD  parts  [11].  The 
choice  of  slice  thickness  and  road  widths  for  FDC/FDMet  were  determined  by  the  nozzle  diameter, 
which  in  turn  is  determined  by  the  maximum  particle  size  in  the  specific  ceramic  or  metal  system. 
The  FDC/FDMet  green  parts  were  further  processed  to  remove  the  RU  binder  completely.  The 
binder  removal  process  is  done  in  two  stages  such  that  the  RU  binder  is  completely  removed 
without  any  cracking  or  damage  to  the  part  [6,7].  The  sintering  of  the  FDC/FDMet  part  is  done  by 
conventional  sintering  operations  for  the  specific  particle  system  used  under  consideration. 

FDC  of  Silicon  Nitride 

Although  several  ceramic  and  metal  systems  have  been  investigated  for  the  FDC/FDMet 
processes,  the  most  extensive  work  to  date  has  been  done  using  an  in-situ  reinforced  SV3N4  from 
AlliedSignal  Ceramic  Components  of  Torrance,  California.  As-received  Si3N4  powder  coated 
with  appropriate  surfactant  was  used  in  this  study  with  55  volume  %  Si3N4  in  the  mixed 
powder/binder  feedstock.  The  RU  series  of  binder  used  for  FDC  of  Si3N4  has  been  optimized  to 
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result  in  flexible  and  continuous  0.070"  ±  0.001"  diameter  filaments  fabricated  by  single  screw 
extrusion  [10].  FDC  of  Si3N4  has  been  done  successfully  using  novel  build  strategies  employed 
with  a  commercial  EDM™  system  to  result  in  sintered  parts  with  physical  and  mechanical 
properties  comparable  to  those  obtained  by  conventional  processing  of  SyN4  [7],  FDC  of  Si3N4 
has  also  been  demonstrated  by  fabrication  of  complex  engineering  components.  Details  of  the 
FDC  process  for  Si3N4  and  their  results  can  be  found  elsewhere  [7]. 

FDC  of  Fused  Silica 

Fused  silica,  alumina,  and  zircon  are  commonly  used  for  fabrication  of  investment  casting 
tooling.  Traditionally,  investment  casting  ceramic  shells  and  cores  are  manufactured  using 
machined  positive  patterns  of  the  parts  or  by  injection  molding  of  the  actual  cores  and  shells.  SFF 
techniques  have  been  used  directly  or  indirectly  for  fabrication  of  investment  casting  cores  and 
shells.  Indirect  fabrication  involves  SFF  fabrication  of  the  positive  pattern  from  wax  and  polymers 
for  the  mold.  The  wax  or  polymer  positive  is  then  used  to  form  a  ceramic  shell  by  sequential 
dipping  of  the  pattern  in  a  ceramic  slurry  [1],  The  wax  or  polymer  is  then  melted  out  of  the  shell 
followed  by  firing  the  shell.  Direct  fabrication  of  such  ceramic  shells  and  cores  for  investment 
casting  has  been  commercialized  using  the  3D  Printing  process  [5].  The  study  reported  here 
demonstrates  the  feasibility  of  using  the  FDC  process  for  fabrication  of  silica  parts  for  investment 
casting  with  properties  comparable  to  parts  fabricated  by  conventional  core  making  techniques. 

A  commercial  grade  silica  powder  used  for  injection  molding  of  investment  casting  cores 
by  Certech  Inc.  of  Woodridge,  New  Jersey,  was  used  for  FDC  in  this  study.  The  particle  size  of 

the  as-received,  silica  powder  was  in  the  range  of  0.01  jam  -  150(im,  with  an  average  particle  size  of 

70  fim.  Conventionally,  injection  molding  of  cores  done  by  Certech  uses  68  volume  %  silica  such 
that  linear  shrinkage  during  firing  is  limited  to  ~1%,  with  a  final  density  of  ~70%  of  theoretical 
density.  In  order  to  have  comparable  shrinkage  and  final  density  in  the  FDC  parts,  the  RU1  binder 
was  mixed  with  65  volume  %  silica  powder.  Filaments  fabricated  by  capillary  and  single  screw 
extrusion  were  straight  and  stiff  with  insufficient  flexibility  for  continuous  winding  onto  a  spool. 
A  series  of  0.25"  X  0.25"  X  2.5"  bars  for  modulus  of  rupture  (MOR)  tests  and  simple  core  shape 
were  fabricated  by  FDC,  Figure  1  .  After  binder  removal,  the  bars  were  fired  at  Certech  Inc.  at 
1225°C  for  6  hours.  Figure  2  .  MOR  testing  was  done  to  evaluate  the  mechanical  properties.  The 
bars  were  also  used  for  physical  property  evaluations,  which  are  critical  in  determining  whether  or 
not  the  parts  can  be  used  for  investment  casting  applications.  These  physical  and  mechanical 
properties  were  compared  with  those  of  injection  molded  samples  of  the  same  grade  of  silica. 

As  shown  in  Figures  3,  the  microstructure  of  fired  FDC  silica  samples  is  comparable  with 
that  of  fired  injection  molded  samples  with  no  evidence  of  delamination  or  inter-road  debonding. 
Similarly,  the  physical  and  mechanical  properties  of  the  FDC  processed  samples  compare  very 
favorably  with  the  reported  properties  of  injection  molded  parts,  Table  I,  and  were  within  the 
commercial  upper  and  lower  acceptable  limits  reported  by  Certech's  specification  data  sheet.  For 
example,  although  the  average  cristobalite  level  in  FDC  samples  is  lower  than  those  in  injection 
molded  samples,  the  levels  are  well  within  the  acceptable  limits  of  20%  and  7%,  respectively.  The 
starting  volume  fraction  of  silica  in  FDC  samples  is  lower  (65%)  than  that  in  injection  molded  parts 
(68%),  while  the  final  bulk  density  of  both  FDC  and  injection  molded  parts  are  similar.  Therefore, 
the  linear  shrinkage  observed  in  FDC  samples  was  slightly  higher.  Since  the  number  of  FDC 
samples  tested  was  few  (10)  in  comparison  to  injection  molded  samples  used  for  reporting  data  in 
product  data  sheet,  the  standard  deviation  for  the  properties  in  FDC  samples  (shown  in  parenthesis 
in  Table  I)  indicate  a  wider  spread  in  the  FDC  values  compared  to  the  injection  molded  samples. 
However,  this  study  demonstrates  that  FDC  is  a  viable  SFF  technique  for  direct  fabrication  of 
investment  casting  ceramic  cores  and  shells  using  commercial  grade  powders  with  resulting 
properties  comparable  to  those  of  conventionally  processed  parts. 
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FDC  of  Piezoelectric  ceramics 

Piezoelectric  materials  have  the  ability  to  convert  electrical  energy  into  mechanical  energy 
or  conversely  convert  mechanical  energy  into  electrical  energy.  The  applications  for  devices  from 
these  materials  include  transducers,  microphones,  phonographic  pick-ups,  speakers, 
accelerometers,  strain  gages,  ignitors,  and  various  medical  diagnostic  systems.  Several  ceramics 
exhibit  piezoelectric  behavior,  with  lead  zirconium  titanate  (PZT)  being  the  most  extensively  used. 
Piezoelectric  ceramic/polymer  composites,  consisting  of  a  piezoelectric  ceramic,  such  as  PZT,  in  an 
inactive  polymer,  have  shown  superior  properties  when  compared  to  monolithic  single  phase 
materials.  The  piezoelectric  properties  have  been  vastly  improved  over  the  last  two  decades 
through  fabrication  of  numerous  innovative  structures  [12].  However,  most  of  the  processing 
techniques  lack  the  flexibility  of  fabricating  novel  structures. 

SFF  techniques,  specifically  FDC  in  this  study,  provide  an  opportunity  to  control  the 
fabrication  of  these  complex  structures  as  material  is  deposited  one  volume  element  at  a  time  only 
in  desired  locations  and  is  directly  controlled  by  the  computer  through  the  component  CAD  file  [1] . 
Such  flexibility,  of  SFF  in  general  and  FDC  in  particular,  allows  deposition  of  material  at  a  very 
fine  scale  only  in  desirable  locations  and  leaving  the  other  areas  unfilled  [3].  Once  the  desirable 
green  ceramic  structure  of  PZT  is  fabricated,  the  remaining  unfilled  regions  are  filled  by  the 
inactive  polymer  phase,  following  binder  removal  and  sintering.  Such  an  approach  results  in 
complex  geometries  of  piezocomposites  to  be  fabricated  with  relative  ease.  In  this  study,  as- 
received  spray-dried  PZT  powder  from  Morgan  Matroc  Inc.  of  Cleveland,  Ohio,  was  used.  Green 
PZT  filaments  containing  50  volume  %  PZT  powder  and  50  volume  %  RU1  binder  with  a 
surfactant  and  plasticizer  was  used,  Figure  4.  Several  simple  shapes  with  intricate  internal 
structures,  such  as  ladder  structures,  were  formed  using  FDC,  Figures  4  and  5.  After  binder 
removal  and  sintering  of  the  green  FDC  PZT  parts,  the  parts  were  infiltrated  with  an  inactive 
polymer  to  form  the  final  desired  piezocomposites.  The  piezoelectric  properties  of  the 
piezocomposites  by  FDC  were  measured  and  found  to  be  significantly  better  than  those  reported 
for  conventionally  processed  PZT  composites.  Further  details  and  results  on  FDC  of 
piezoceramics  can  be  found  in  these  proceedings  [3]. 

FDMet  of  Stainless  Steel 

As  mentioned  earlier,  one  of  the  major  applications  of  SFF  technologies  has  been  to 
fabricate  polymer  or  wax  positive  patterns  for  investment  casting  of  metallic  alloys.  Such  an 
approach  has  been  successfully  adopted  by  automotive  and  aerospace  industries  in  investment 
casting  of  critical  components  from  metals  [1].  To  further  maximize  the  benefits  of  SFF 
technologies,  direct  fabrication  of  such  metal  components  by  SFF  techniques  are  being  developed. 
This  study  demonstrates  the  feasibility  of  using  FDMet  for  fabrication  of  green  parts  from  powder 
stainless  steel  which  can  then  be  further  processed  by  binder  removal  and  sintering  to  result  in  a 
fully  dense  steel  part. 

Precipitation  hardened  stainless  steels  are  commonly  used  in  various  industrial  and  military 
applications  where  resistance  to  corrosion  and  high  mechanical  performance  at  temperatures  to 
400°C  are  necessary.  Typically  these  steels  are  available  in  wrought  form  and  the  parts  are 
fabricated  by  conventional  thermomechanical  processes.  The  precipitation  hardened  steel  used  in 
this  study  was  a  17-4PH  grade  (also  referred  as  Type  630)  stainless  steel  powder  of  -325  mesh 
particle  size.  Powder  with  60%  by  volume  was  mixed  with  RU 1  binder  composition  and  extruded 
into  stiff,  straight  filaments  of  0.070"  nominal  diameter  using  a  capillary  extrusion  process. 
Simple  green  stainless  steel  shapes  were  created  at  110°C  using  the  commercial  FDM™  system, 
Figure  6.  Following  binder  removal,  the  parts  were  sintered  at  1350°C  for  1  hour  in  a  mild 
reducing  atmosphere  (H2+N2),  Figure  7.  Although  sintered  parts  exhibit  high  density  (92% -95% 
of  theoretical),  close  examination  of  sintered  parts  reveal  internal  delamination  and  cracking  in  the 
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parts.  Further  experiments  with  capillary  extruded  green  rods  (3/8"  diameter)  of  the  same 
composition  revealed  cracking  and  bloating  occurring  during  the  binder  removal  process.  It  is 
expected  that  once  the  binder  removal  is  optimized  to  prevent  defects,  stainless  steel  FDMet  parts 
with  properties  and  microstructures  comparable  to  that  of  wrought  formed  parts  can  be  achieved. 

FDC  of  WC-Co 

Tungsten  carbide  (WC)-based  composites  have  a  good  combination  of  properties  including 
high  hardness,  toughness,  and  wear  and  abrasion  resistance.  These  properties  make  them  suitable 
for  a  variety  of  tooling  applications  such  as  metal  cutting,  mining,  rock  drilling,  dies,  and  wear 
parts.  The  basic  tungsten  carbide-cobalt  (WC-Co)  material  has  been  modified  over  the  years  to 
produce  a  variety  of  cemented  carbides  for  these  applications.  Conventional  powder  metallurgical 
techniques  are  used  for  processing  and  fabrication  for  these  materials.  Today,  new  techniques  are 
being  developed  to  reduce  costs  and  improve  performance.  One  of  these  new  technologies  include 
synthesis  and  use  of  nanocrystalline  WC-Co  powders.  As  SFF  techniques  are  being  explored  for 
metals  and  ceramics  and  the  SFF  technologies  have  also  led  to  significant  growth  and  demand  in 
Rapid  Tooling  applications,  it  is  only  natural  to  explore  SFF  techniques  for  WC-Co. 

In  this  study,  FDC  was  explored  as  an  SFF  technique  for  fabrication  of  WC-Co  shapes. 
Two  different  grades  of  commercial  WC-Co  powders  were  used  in  this  study,  nanocrystalline 
WC-15Co  from  Nanodyne,  Inc.  and  WC-15Co  from  Valenite,  Inc.  Due  to  the  extremely  fine 

particle  size  and  high  density  (~14  g/cm3)  of  these  materials,  the  viscosity  of  the  RU1  binder  mixed 
with  only  50  volume%  of  these  WC-Co  was  too  high  to  allow  successful  FDC  processing  using 
commercial  FDM™  systems.  To  allow  successful  FDC  processing,  the  RU  series  binder  was 
tailored  and  a  suitable  dispersant  was  developed  to  lower  the  viscosity  of  50-55  volume  %  WC-Co 
loaded  binder  system.  Initial  FDC  trials  with  the  RU  binder  formulation  and  use  of  dispersant, 
indicate  that  it  is  possible  to  achieve  high  solids  loading  (50-55  volume%)  of  nanocrystalline  WC- 
Co  and  attain  a  viscosity  level  low  enough  for  FDC  processing  at  200°C  [10].  Further 
development  of  binder  and  dispersant  are  expected  to  result  in  optimized  FDC  processing  of  WC- 
Co  with  sintered  properties  comparable  to  those  of  conventionally  processed  WC-Co. 

FDC  of  Alumina 

Alumina  is  a  commonly  used  ceramic  in  many  structural  applications.  FDC  of  alumina  has 
been  demonstrated  by  Lone  Peak  Engineering  of  Draper,  Utah,  with  very  much  the  same  approach 
as  reported  here  [4],  In  the  study  by  Lone  Peak  Engineering,  FDC  was  done  using  commercial 
grade  A-16SG  alumina  powders  and  thermoplastic  binders  with  suitable  plasticizers  and 
dispersants.  As  discussed  elsewhere  [4],  FDC  processed  alumina  parts  in  the  study  exhibited 
greater  than  97%  theoretical  density  after  sintering. 

Conclusions 

This  article  demonstrates  that  FDC  and  FDMet  are  SFF  techniques  which  are  practical  for  rapid 
fabrication  of  structural  and  functional  parts/components  from  powder/binder  mixtures.  A  unique 
series  of  binders  developed  for  FDC/FDMet  have  been  uniformly  applied  to  a  wide  range  of 
ceramic  and  metal  systems  for  FD  processing.  The  materials  studied  here  demonstrate  that  as- 
received  commercial  powders  can  be  readily  used  for  FDC/FDMet  with  sintered  parts  exhibiting 
properties  comparable  to  those  of  conventionally  processed  parts  from  the  same  material.  By 
tailoring  the  RU  series  of  binder  and  proper  selection  of  dispersants  and  optimization  of  the  FD 
process  and  binder  removal  procedures,  different  material  systems  can  be  readily  developed  for 
FDC/FDMet  processing. 
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Table  I 

Physical  and  Mechanical  Properties  of  Fused  Silica 
Processed  by  FDC  and  Injection  Molding 


Processing 

Technique 

Bulk 

Density 

(g/cm3) 

Apparent 

Density 

(g/cm3) 

Porosity 

(%) 

Absorption 

(%) 

Modulus 
of  Rupture 
(psi) 

Linear 

Shrinkage 

(%) 

Cristobalite 
Level  (%) 

FDC 

| 

mmmm 

| 

■ 

19.0 

(0.5) 

1825 

(243) 

1%  -  4% 

11.5 

Injection 

1.58 

2.29 

31.2  J 

19.7 

1788 

1.53 

16.9 

Molding 

(0.4) 

(0.3) 

(96) 

(0.3) 

Numbers  in  parantheses  are  standard  deviation  of  the  data  reported. 
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direction)  and  (b)  Injection  Molding. 
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figure  6:  Green  stainless  steel  (17-4PH)  filament  used  for  Figure  7:  Sintered  stainless  steel  (17-4PH)  tensile  coupon  fabricated 

DMet  and  parts  fabricated  by  FDMet  processing.  by  FDMet  processing. 
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Abstract: 


With  the  increased  emphasis  on  functional  testing  and  tooling  applications 
using  stereolithographic  rapid  prototyping  (RP)  techniques,  the  need  for  RP 
materials  with  improved  thermal  stability  is  becoming  more  pronounced.  Glass 
transition  temperature  and  Heat  deflection  temperature  are  two  commonly  used 
measures  to  determine  the  thermal  stability  of  a  polymeric  material. 


This  paper  shows  the  effect  of  different  postcuring  techniques  on  the  heat 
deflection  temperature  (HDT)  of  DuPont  Somos™  6110  photopolymer.  In  addition, 
the  benefits  of  using  heat  transfer  mediums  which  provide  neutral  buoyancy  and 
thus  minimize  thermal  distortions  are  discussed. 

Introduction: 


The  epoxy  based  stereolithographic  photopolymers  possess  good  dimensional 
and  mechanical  properties.  The  good  dimensional  properties  are  mainly  attributed 
to  the  inherently  low  shrinkage  during  photocuring  compared  to  the  earlier 
acrylate  based  photopolymers.  However,  a  major  limiting  factor  of  the  first 
generation  of  epoxy  photopolymers  was  their  lower  photo  sensitivity.  The  recently 
introduced  second  generation  epoxy  resin  DuPont  -  Somos™  6110  provides 
significant  improvements  in  photo  sensitivity,  allowing  increased  throughput 
from  the  stereolithography  (SL)  systems.  Somos™  6110  is  used  in  the  Helium- 
Cadmium  laser  systems  like  SLA-250™  from  3D  Systems  Inc.,  USA  and  STEREOS 
DESKTOP™  from  EOS  Inc.,  Germany. 

With  the  improvements  in  speed  and  physical  properties  possible  from  epoxy 
materials,  the  focus  has  now  turned  towards  functional  applications  of  the  SL 
patterns.  The  SL  patterns  are  now  being  widely  used  in  a  range  of  applications  such 
as  silicone  rubber  molding,  injection  molding  as  well  as  investment  casting.  With 
the  ever  increasing  use  in  these  tooling  applications,  the  need  for  greater  thermal 
stability  of  these  patterns  has  become  crucial. 
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This  study  focuses  on  methods  aimed  at  improving  the  thermal  stability  of 
Somos™  6110.  The  two  main  parameters  that  were  looked  into  are  the  glass 
transition  temperature  (Tg)  and  the  heat  deflection  temperature  (HDT).  These  two 
parameters  are  related  to  the  internal  changes  in  the  material. 

Using  the  standard  measuring  techniques  these  two  parameters  were 
determined  for  the  Somos™  6110  epoxy  photopolymer  under  various  thermal 
postcure  conditions.  The  relationships  between  these  two  parameters  were  studied 
with  the  objective  of  enhancing  the  HDT.  Although  no  extensive  quantitative  data 
on  the  dimensional  variations  with  thermal  cure  are  available  at  this  stage,  a  few 
preliminary  results  are  presented. 

Thermal  Stability; 

Two  different  temperature-dependent  mechanisms  exist  in  polymeric 
materials.  The  first  mechanism  is  a  reversible  process  representing  the  softening  of 
a  material  with  increasing  temperature  and  is  used  to  characterize  the  thermal 
stability.  The  second  mechanism  is  the  irreversible  decomposition  of  the  material 
due  to  heat.  In  this  study  we  are  primarily  concerned  about  the  first  mechanism. 

The  thermal  stability  of  polymeric  materials  can  be  expressed  either  by  a 
temperature  or  time  limit  (at  some  specified  temperature)  up  to  which  the 
material  remains  useful.  A  material  is  stable  if  no  noticeable  change  occurs  over 
any  length  of  time  or  if  any  changes  that  occur  are  reversible.  Typically,  the  point 
of  thermal  instability  is  observed  by  noting  the  onset  of  phase  transitions  that  take 
place  within  the  material.  Two  types  of  transitions  are  commonly  observed  on 
heating  or  cooling  a  plastic  -  a  first  order  and  a  second  order  transition]!]. 

A  first  order  phase  transition  is  observed  when  the  material  properties  change 
abruptly.  A  second  order  phase  transition  is  much  more  gradual  and  can  usually  be 
related  to  the  amorphous  segments  of  the  polymer.  The  most  prominent  of  the 
several  second  order  phase  transitions  is  the  glass  transition.  It  is  an  intrinsic 
material  property  characterizing  a  reversible  softening  behavior.  According  to 
ASTM  El  142,  glass  transition  is  defined  as,  "the  reversible  change  in  an  amorphous 
material  or  in  amorphous  regions  of  partially  crystalline  material,  from  (or  to)  a 
viscous  or  rubber  condition  to  (or  from)  a  hard  and  relatively  brittle  condition  . 
The  glass  transition  temperature  (Tg)  is  usually  taken  as  the  approximate  midpoint 
of  the  temperature  range  over  which  the  second  order  transition  takes  place. 

Besides  the  occurrence  of  transitions,  certain  properties  of  the  plastic  are 
continuously  changing  with  temperature.  The  vibration  of  the  chain  segments 
increases  with  temperature  and  this  motion  weakens  the  cohesive  forces  between 
the  molecules.  Decreased  cohesion  results  in  softening  of  the  material 
(compromising  its  structural  stability)  and  correspondingly  affects  the  physical 
properties.  On  the  basis  of  practical  experience,  criteria  have  been  established  which 
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determine  the  limit  of  structural  stability  under  load  and  heat.  One  such  criterion  is 
the  HDT.  A  brief  review  of  Tg  as  well  as  HDT  will  be  provided  below  which  will 
help  us  better  understand  the  experimental  results. 

Glass  Transition  Temperature: 

Glass  transition  is  an  important  parameter  in  deciding  the  applications  of  many 
crystalline  and  non-crystalline  polymers.  It  represents  the  temperature  ranges  at 
which  the  polymer  matrix  transitions  from  the  glassy  state  to  the  flexible  state. 
Below  the  Tg,  however,  the  unreacted  groups  may  not  be  able  to  crosslink  due  to 
lack  of  matrix  mobility.  The  polymer  chain  segments  cannot  move  around  --  they 
are  frozen  in  place  and  the  behavior  of  the  material  changes  from  ductile  to  brittle. 
Above  the  glass  transition  temperature  there  is  enough  mobility  within  the  object 
matrix  to  allow  segmental  chain  motion,  and  the  chains  can  move  more  or  less 
freely  around.  As  the  temperature  increases  this  freedom  continues  to  increase 
until  the  matrix  approaches  the  "liquid"  state  (if  the  polymer  is  not  crosslinked). 
Even  lightly  crosslinked  (or  thermoset)  polymers  will  have  a  glass  transition  that 
involves  the  motion  of  the  linear  chain  segments  between  the  crosslinks.  If  the 
crosslink  density  becomes  high  enough  the  glass  phase  transition  will  disappear. 

Some  of  the  main  molecular  parameters  influencing  the  Tg  are  [2]: 

-  Chain  stiffness 

-  Internal  plasticization  and 

-  Intra  molecular  forces 

The  mobility  of  the  polymer  chains  is  primarily  affected  by  the  barrier  to  their 
rotation  around  the  backbone  carbon-carbon  bonds  within  the  polymer  matrix. 
This  in  turn  is  determined  by  the  size  of  the  substituent  groups  on  the  carbon 
atoms.  The  larger  the  substituent  or  the  more  hindered  the  rotation  because  of 
multiple  anchoring  (Van  der  Wall's  forces  between  the  side  groups  on  the  chain), 
the  higher  the  Tg. 

Inclusion  of  low  molecular  weight  materials  (as  side  chains  on  the  carbon- 
carbon  bonds)  which  generally  have  lower  Tg,  plasticizes  the  polymer.  Therefore, 
the  higher  the  concentration  of  low  molecular  weight  side  chains  the  lower  the  Tg 
of  the  material.  The  internal  plasticization  can  either  be  due  to  inter-chain  or  intra¬ 
chain  plasticization.  Inter-chain  plasticization  is  caused  by  small  molecules  that 
solvate  and  allow  the  polymer  chains  to  move  and  become  flexible.  Water,  for 
instance,  can  act  as  a  plasticizer  lowering  the  Tg.  Intra-chain  plasticization  occurs 
when  the  primary  chain  of  the  polymer  has  long  side  chains  (which  act  as 
plasticizers  or  chain  softeners). 

Crosslinking  has  the  opposite  effect  of  a  decrease  in  molecular  weight. 
Increasing  crosslink  density  increases  Tg  correspondingly.  Most  of  the  highly 
crosslinked  thermoset  polymers  are  amorphous. 
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Several  methods  exist  to  experimentally  determine  the  Tg.  One  of  the  most 
commonly  used  methods  is  differential  scanning  calorimetry  (DSC).  It  is  based  on 
the  power  compensated  null  balance  principle,  in  which  the  energy  absorbed  or 
liberated  by  the  specimen  is  exactly  compensated  by  adding  or  subtracting  an 
equivalent  energy  to  a  heater  located  in  the  sample  holder  [3].  As  the  sample 
material  passes  through  the  glass  transition  upon  heating,  its  (apparent)  specific 
heat  abruptly  changes  due  to  an  increased  motion  in  the  material.  In  practice, 
specimens  of  thin  flat  disks  of  the  material,  usually  less  than  0.6  mm  thick,  are 
encapsulated  inside  an  aluminum  pan  (0.08  mm  thick)  with  a  lid  crimped  in  place 
to  ensure  uniform  heat  transfer.  Platinum  resistance  heaters  and  thermometers  are 
used  in  the  DSC  to  carry  out  temperature  and  energy  measurements.  Another 
commonly  used  method  for  determining  Tg  is  differential  mechanical  analysis 
(DMA).  Values  obtained  using  DMA  are  typically  higher  than  those  obtained  using 
DSC  [4].  In  this  study  DSC  was  used. 

Heat  Deflection  Temperature: 

As  mentioned  before,  the  Tg  is  an  intrinsic  material  property  characterizing  the 
reversible  softening  behavior  of  the  material.  Many  techniques  have  been 
developed  to  determine,  in  a  well-defined  way,  the  maximum  usable  temperature 
of  a  material  due  to  softening.  Heat  deflection  temperature  (HDT)  measurement  is 
one  such  practical  technique. 

The  HDT  is  the  temperature  of  the  material  at  which  a  certain  deformation  is 
induced  under  flexural  load  of  the  test  specimen.  The  test  provides  a  measure  of 
the  thermo-mechanical  stability  of  the  material.  A  rectangular  specimen 
5”  x  1/2"  x  1/8"  is  placed  on  two  supports  4"  apart,  immersed  in  a  heat  transfer 
medium  (oil  bath)  with  a  load  applied  at  its  center  to  give  a  maximum  fiber  stress 
of  66  psi.  Higher  loads  were  not  used  because  there  is  no  advantage  to  using  higher 
loads  when  measuring  deflection  temperature  of  the  present-day  plastics  with 
present-day  instruments^.  With  the  bar  immersed  and  the  load  applied,  the 
temperature  is  raised  at  a  rate  of  2  °C/min.  The  temperature  at  which  a  deflection 
of  0.010  inches  occurs  is  noted  as  the  HDT  under  flexural  load  of  the  material.  The 
experimental  testing  reported  in  this  study  was  done  according  to  the  ASTM  D  648 
standard. 

Experimental  Discussion: 

The  eventual  physical  properties  are  greatly  influenced  by  the  postcuring 
conditions  used.  The  most  common  postcure  techniques  employed  in  curing  green 
patterns  are  ultraviolet  (UV)  and  thermal  cure.  The  UV  cure  is  intended  to 
polymerize  any  uncured  liquid  trapped  within  the  solid  by  irradiating  the  patterns 


'ASTM  D  648  -  82  (Reapproved  1988)  -  Standard  Test  Method  for  Deflection  Temperature  of  Plastics  Under  Flexural  Load. 
Annual  Book  of  ASTM  Standards  1993.  Section  8. 
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with  broad-band  UV  light.  Thermal  cure,  however,  induces  additional 
polymerization  by  increasing  the  mobility  of  the  polymer  chains  allowing 
additional  chemical  reactions  to  occur.  In  this  study  several  thermal  postcuring 
techniques  to  improve  the  thermal  properties  were  investigated. 

With  thermal  postcuring  techniques,  concerns  regarding  dimensional 
distortions  become  important.  At  elevated  temperatures  due  to  the  softening 
behavior  of  the  material,  distortions  are  likely  to  occur  in  unsupported  regions 
under  the  influence  of  gravity.  One  way  of  reducing  these  thermally  induced 
gravity  distortions  is  to  heat  treat  the  specimens  in  a  dense  heat  transfer  medium 
like  silicone  oil.  The  silicone  oil  also  acts  as  a  uniform  heat  transfer  medium.  The 
silicone  oil  used  in  this  study  is  a  commercially  available  DOW  CORNING®  550 
fluid  which  has  a  specific  gravity  of  1.1. 

Besides  the  gravity  induced  distortions  mentioned  above,  thermal  treatment 
can  induce  distortions  due  to  swelling.  Though  this  behavior  has  not  been 
extensively  investigated,  a  few  preliminary  experiments  have  been  performed  and 
the  results  are  discussed  later. 

Another  factor  which  can  influence  the  dimensional  stability  as  well  as  the 
glass  transitions  is  the  humidity.  The  Somos™  6110  is  designed  to  produce  good 
dimensional  characteristics  at  higher  humidities.  Studies  are  underway  to  study  the 
effects  of  humidity  on  the  glass  transition  and  will  be  reported  at  a  later  date. 

The  experimental  plan  is  essentially  divided  into  three  components.  First,  the 
Tg  is  determined  using  the  DSC  approach.  Second,  the  HDT  is  determined  using 
the  ASTM  D648  standard  by  thermally  postcuring  the  specimens  in  air  at  various 
temperatures.  Third,  the  HDT  is  determined  by  thermally  postcuring  the  specimens 
in  a  silicone  oil  medium  at  various  temperatures. 

For  the  Tg  determination,  sample  specimens  0.2  mm  thick  and  25  mm  cross- 
section,  were  imaged  in  Somos™  6110  using  a  SLA-250™.  The  imaged  specimens 
were  cleaned  with  tripropylene  glycol  monomethyl  ether  (TPM)  and  isopropyl 
alcohol  to  remove  the  residual  uncured  liquid  polymer.  Thermal  postcuring  was 
done  in  a  programmable  convection  oven.  The  green  parts  are  considered  to  be 
postcured  at  25  °C  (ambient  temperature)  while  the  UV  parts  are  considered  to  be 
postcured  at  40  °C  (the  UV  chamber  temperature).  For  the  HDT  determination,  the 
specimens  were  made  with  dimensions  as  specified  in  the  ASTM  D  648  standard. 
The  green  HDT  specimens  were  cleaned  as  mentioned  above.  Four  HDT  specimens 
were  used  at  each  postcure  condition.  The  green  Tg  and  HDT  specimens  were  later 
postcured  under  conditions  described  in  Table  1. 

The  Tg  specimens  were  later  measured  for  the  glass  transition  using  a  DSC 
apparatus.  The  specimens  were  initially  chilled  below  0  °C  before  heating.  A 
standard  10  °C/min.  rate  of  temperature  increase  was  used  for  all  measurements 
with  a  maximum  temperature  of  100  °C.  The  results  from  the  DSC  measurements 
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are  as  shown  in  Figure  1.  The  Tg  is  measured  as  the  inflection  point  in  the  glass 
transition  phase  curve  on  a  temperature  versus  specific  heat  graph.  The  Tg  of  the 
material  ranges  from  39  °C  and  44  °C.  This  seems  to  indicate  that  no  significant 
changes  in  the  phase  transitions  are  taking  place  as  a  result  of  thermal  postcuring. 
The  variation  of  Tg  with  thermal  postcuring  in  silicone  oil  has  not  been 
investigated.  However,  no  significant  differences  may  be  observed. 

Table  1:  Postcuring  Conditions  for  Tg  Determination 


# 

Postcure 

Temp. 

Description 

1 

25°C 

Green  patterns  (ambient  curing) 

2 

40°C 

UV  cured  patterns  (UV  chamber  temp.) 

3 

60°C 

0.5hr  ramp  up;  lhr  at  60°C;  0.5hr  ramp  down. 

4 

80°C 

0.5hr  ramp  up;  lhr  at  80°C;  0.5hr  ramp  down. 

5 

100°C 

0.5hr  ramp  up;  lhr  at  100°C;  0.5hr  ramp  down. 

6 

120°C 

0.5hr  ramp  up;  lhr  at  120°C;  0.5hr  ramp  down. 

7 

150°C 

0.5hr  ramp  up;  lhr  at  150°C;  0.5hr  ramp  down. 

Figure  1:  Influence  of  Postcure  Conditions  on  Tg  for 

Somos™  6110 


The  heat  deflection  temperatures  of  the  specimens  postcured  in  air  are  shown 
in  Figure  2.  The  HDT  appears  to  improve  with  the  postcure  operations.  Table  2 
describes  the  postcure  conditions  of  the  specimens  immersed  in  a  silicone  oil 
medium  whose  density  was  selected  to  provide  neutral  buoyancy  for  the  part  and 
thus  reduce  distortions  during  postcure.  Four  specimens  were  used  at  each  postcure 
condition.  The  heat  deflection  temperature  of  the  specimens  postcured  in  silicone 
oil  are  shown  in  Figure  3.  As  shown  in  Figures  2  and  3,  the  HDT  appears  to  improve 
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with  the  thermal  postcuring.  The  HDT  of  the  specimens  postcured  in  silicone  oil 
appears  to  be  higher  than  the  air  postcured  specimens.  This  may  be  because  the 
specimens  postcured  in  oil  had  a  longer  cure  cycle  and  therefore  were  held  at  an 
elevated  temperature  for  a  longer  duration.  Longer  and  more  gradual  rate  of 
increase  in  temperature  appears  to  improve  the  HDT.  However,  the  HDT  appears  to 
reach  a  peak  at  a  postcuring  temperature  of  100  °C  in  silicone  oil,  while  the  trend  in 
air  postcured  specimens  appears  to  be  more  linear.  This  result  needs  to  be  further 
in  vestgated. 


Figure  2:  Influence  of  Postcure  Conditions  on  HDT  for 

Somos™  6110 


Table  2:  Postcuring  Conditions  for  HDT  Determination  in  Silicone  Oil 


# 

Postcure 

Temp. 

Description 

1 

25°C 

Green  patterns  (ambient  curing) 

2 

40°C 

UV  cured  patterns  (UV  chamber  temp.) 

3 

60°C 

2hr  ramp  up;  lhr  at  60°C;  2hr  ramp  down. 

4 

80°C 

2hr  ramp  up;  lhr  at  80  °C;  2hr  ramp  down. 

5 

100°C 

2hr  ramp  up;  lhr  at  100°C;  2hr  ramp  down. 

6 

120°C 

2hr  ramp  up;  lhr  at  120°C;  2hr  ramp  down.  [ 

7 

150°C 

2hr  ramp  up;  lhr  at  150°C;  2hr  ramp  down. 

In  the  thermal  Postcuring  of  the  SL  patterns  dimensional  stability  concerns  are 
critical.  Efforts  are  underway  to  fully  characterize  the  nature  of  dimensional 
distortions  induced  during  thermal  postcuring.  A  few  preliminary  studies  have 
been  done  to  determine  the  changes  in  the  dimensions  of  the  specimens.  Our 
results  show  that  both  UV  as  well  as  thermal  postcuring  increases  the  dimensions 
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by  0.1%  to  0.13%.  Though  the  thermal  postcuring  in  silicone  oil  does  seem  to 
improve  the  dimensional  increase,  the  specimens  showed  lesser  gravity 
distortions.  However,  specimens  which  were  conditioned  in  a  desiccant  chamber  at 
0%  relative  humidity  for  two  days  and  thermally  postcured  showed  a  drop  in  the 
dimensional  increase.  Figure  4  illustrates  the  this  phenomena.  This  result  seems  to 
indicate  that  thermal  postcuring  in  the  absence  of  moisture  helps  maintain  the 
dimensional  stability. 


Figure  3:  Influence  of  Postcure  Conditions  on  HDT  for 

Somos™  6110 


Figure  4:  Increase  in  Length  of  HDT  Specimens  due  to 
Postcuring  of  Somos™  6110 
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Conclusions: 


•  The  Tg  does  not  vary  significantly  with  thermal  postcuring. 

•  The  HDT,  however,  shows  a  increase  of  15  to  25  °C  under  the  same  postcure 
conditions. 

•  The  Tg  is  lower  than  the  HDT  of  the  material. 

•  Thermal  postcuring  in  silicone  oil  improves  the  HDT  over  postcuring  in  air  - 
perhaps  due  to  extended  time  at  temperature. 

•  Better  dimensional  stability  can  be  achieved  by  conditioning  the  parts  at  0%  RH 
before  thermal  postcuring. 
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ABSTRACT 

Ceramic  green  bodies  have  been  created  with  stereolithography  methods  by  using  ultraviolet  cur¬ 
able  suspension  of  ceramic  powders,  a  “ceramic  resin”,  on  a  Stereolithography  Apparatus  (SLA). 
A  minivat  system  with  mini-recoater  blade  was  designed  to  run  small  batch  experiments  on  an 
SLA-250/40  machine.  With  the  ceramic  resins  developed  from  hydroxyapatite  for  biomedical  ap¬ 
plication  and  from  alumina  and  silica  for  making  metal  casting  molds,  ceramic  green  bodies  were 
built.  Diagnostic  parts  of  these  ceramic  resins  were  made  with  the  Accumax  diagnostic  kit  (3D 
Systems)  and  the  curing  parameters  determined.  The  effect  of  shrinkage  stress  and  scattering  will 
be  discussed. 

Introduction 

Since  the  early  1990’s,  the  Stereolithography  (SL)  technique  has  been  the  predominant  fab¬ 
rication  method  for  rapid  prototyping!!].  The  SL  technique  involves  solidification  of  a  liquid  resin 
by  a  UV-laser  source.  The  laser  cures  one  layer  by  “drawing”  it  on  the  surface  of  a  vat  of  resin. 
The  3-dimensional  part  is  built  layer  by  layer.  The  research  at  the  University  of  Michigan  is  fo¬ 
cused  on  developing  new  materials,  particularly  ceramic  materials,  for  use  in  a  Stereolithography 
Apparatus  (SLA)a.  These  ceramic  resins  are  used  in  the  same  manner  as  the  traditional  epoxy  or 
acrylate  resins.  However,  instead  of  producing  a  100%  polymer  part,  these  ceramic  resins  yield  a 
ceramic  green  body  consisting  of  approximately  50%  ceramic  and  50%  uv-polymerized  binder. 
Current  materials  include  alumina,  silica  and  hydroxyapatite  (HA).  Potential  applications  for  the 
alumina  and  silica  resins  include  cores  and  shell  molds  for  investment  casting  as  well  as  functional 
ceramic  prototypes.  HA  ceramics  have  significant  biomedical  applications[2,3]. 

These  ceramic  resins  are  fluid  suspensions  of  ceramic  particles  in  a  uv-curable  medium. 
For  ceramic  processing  purposes,  the  resins  must  be  highly  loaded  (at  least  50  volume%)  to  pro¬ 
duce  reliable,  dense  finished  ceramic  parts.  For  SL  processing  purposes,  the  resins  must  have  a 
low  viscosity  (<  5000  cps)  to  undergo  the  recoating  processb,  and  self-leveling. 

The  cure  depth  is  defined  in  the  “Working  Curve”  equation, 

cd  =  Dp  ll>L  (1) 

where  E  is  the  average  exposure  dose  supplied  by  the  laser  (controlled  by  scanning  speed,  vs),  Q, 
is  the  user  definable  cure  depth  and  Dp  and  Ec  are  resin  parameters  respectively  known  as  depth 

a.  Model  SLA250/40,  3D  Systems,  Valencia,  CA. 

b.  Recoating  here  refers  to  the  doctor-blade  type  of  recoating  found  on  SLA  250 
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of  penetration  and  critical  exposure.  A  schematic  of  resin  curing  under  a  laser  is  shown  in  Figure 
1.  While  intensity  attenuation  for  traditional  resins  used  for  SL  is  limited  by  absorption,  the  inten¬ 
sity  decrease  of  the  uv-radiation  in  these  turbid  suspensions  is  controlled  by  scattering.  The  fol¬ 
lowing  relation  has  been  used  to  describe  the  effect  of  scattering  on  cure  depth[3,5]. 


where  $  is  the  volume  fraction  solids,  d  is  the  particle  size  and  A n  is  the  difference  in  index  of  re¬ 
fraction  between  the  suspended  particles  (ceramic)  and  medium  (photocurable  monomer  resin). 
The  P  term  involves  interparticle  spacing  and  wavelength  of  radiation. 

Materials  and  Methods 

Three  resins  systems  are  examined  in  this  work,  alumina-aqueous,  silica-acrylate  and  hy¬ 
droxyapatite-acrylate.  Details  of  resin  fabrication  are  given  elsewhere[3].  The  alumina-aqueous 
resin  is  52vol%  solids  with  a  monomer  solution  consisting0  of  27%  N-hydroxymethacrylamide, 
3%  methylene  bis-acrylamide,  35%  water  and  35%  ethylene  glycol.  The  silica-acrylate  resin  has 
43vol%  solids,  and  the  monomer  solution  is  30%  2-ethoxyethoxy  ethyl  acrylate  and  70%  hexane 
diol  diacrylate.  The  HA-acrylate  resin  has  40vol%  solids  and  the  monomer  solution  is  66%  octyl- 
decyl  acrylate,  22%  hexane  diol  diacrylate  and  12%  trimethylolpropane  triacrylate. 

All  parts  were  produced  on  an  SLA  250/40  with  a  He/Cd  laser  source.  Typically,  the  laser 
power  at  the  surface  of  the  resin  was  about  30  mW.  The  machine  was  equipped  with  an  exchange¬ 
able  minivat  (1L  to  2L)  with  a  recoating  arm  (shown  in  Figure  2)  for  small  sample  experiments. 
Some  single  layer  parts  were  produced  in  a  glass  petri  dish  on  an  adjustable  stand  rather  than  the 
minivat.  The  Windowpane  technique[l]  was  used  to  measure  the  cure  depth  as  a  function  of  ex¬ 
posure  from  which  the  resin  parameters,  Dp  and  Ec  were  determined  for  each  resin.  After  curing 
in  the  SLA-250,  parts  were  postcured  30  minutes  in  a  uv  chamber  and  allowed  to  dry  at  ambient 
temperature.  To  remove  the  photopolymers  from  the  postcured  parts,  a  burnout  was  performed  in 
air.  The  parts  were  heated  slowly  (l°C/min)  to  500°C,  held  1  hour,  then  cooled.  To  sinter  the  alu¬ 
mina  parts,  they  were  heated  in  air  to  1550°C  (10°C/min),  held  1  hour  then  cooled. 

Results 

The  cure  depth  as  a  function  of  energy  dose  is  plotted  in  Figure  3  for  the  ceramic  resins  and 
the  standard  epoxy  resin.  In  each  case,  the  cure  depth  is  linear  with  ln(E),  although  the  slopes(Dp) 
do  differ  widely.  The  resin  parameters  were  determined  from  these  data  and  are  listed  in  Table  1. 
In  each  case,  the  linear  relation  between  the  cure  depth  and  ln(energy  dose)  is  apparent.  The  effect 
of  these  resin  parameters  are  shown  qualitatively  in  the  cured  line  profiles  shown  in  Figure  4  for 
silica  and  alumina.  As  the  Dp  decreases,  the  cured  profile  becomes  wider  and  more  shallow.  A 
“Block  M”  shape  was  made  in  alumina  and  HA  and  also  in  SL  5 170  for  comparison.  An  epoxy  M, 
an  alumina  M  after  post-curing  and  an  alumina  M  after  sintering  are  shown  in  Figure  5  (from  right 
to  left  respectively).  From  this  photo,  curing  and  drying  shrinkage  of  the  alumina-aqueous  resin  is 
not  much  larger  than  that  of  the  SL  5170.  The  significant  portion  of  shrinkage  occurred  in  the  sin- 


c.  all  percentages  are  given  in  weight  percent  unless  otherwise  noted. 
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tering  step,  approximately  12%  (linear).  No  cracking  or  significant  warping  occurred  during  either 
curing,  drying,  or  sintering.  A  fracture  surface  of  one  section  of  the  alumina  M  is  shown  in  Figure 
6.  The  image  to  the  left  shows  a  scalloped  edge  resulting  from  the  wide,  shallow  shape  of  the  cured 
line  profile.  At  higher  magnification  in  the  right  image,  the  interface  between  two  layers  appears 
to  have  sintered  very  well  with  no  remnants  of  the  layered  processing  evident. 


Table  1.  Resin  Parameters 


Resin 

Dp,  pm 

Ec,  mj/cm 

Cibatool®  SL-5170 

119 

10.2 

Al203-Aqueous 

69 

19.4 

Si02-Acrylate 

260 

13.4 

HA-Acrylate 

56 

10.8 

A  portion  of  a  the  Block  M  shape  built  from  HA-acrylate  is  shown  in  Figure  7.  The  side 
surface  also  has  a  scalloped  appearance,  but  the  layers  appeared  to  be  knit  together  well.  However, 
shrinkage  cracking  occurs  during  curing  and  is  shown  in  Figure  8  to  occur  between  the  borders  on 
the  layers. 

Discussion 

All  resins  used  in  this  work  follow  a  predictable  relation  between  cure  depth  and  energy 
dose.  Work  is  continuing  to  increase  the  stiffness  and  solids  loading  of  these  ceramic  resins.  Layer 
cure  depths  of  200  Jim  to  600  pm  are  achievable  with  the  silica  resin,  180  pm  to  300  pm  for  the 
alumina  resin  and  200  pm  to  300  pm  for  the  HA  resin.  Parts  have  been  built  with  adequate  layer¬ 
ing.  The  microstructure  of  a  part  fabricated  in  the  alumina  resin  reveals  no  remnants  of  layered 
processing. 

Side  scattering  produces  the  scalloped  edges  found  on  some  initial  parts  built  at  Michigan. 
A  side  view  of  several  cured  lines  drawn  one  upon  another  are  shown  in  Figure  9  which  illustrates 
the  scalloping  effect.  The  phenomenon  also  occurs  in  alumina-aqueous  resins.  The  refractive  in¬ 
dex  difference  (An2)  in  the  alumina-aqueous  is  approximately  0.076.  Reducing  An2  by  using  an 

acrylate-based  solution  (n=  1.447  vs.  1.425  for  aqueous  solution)  would  reduce  An2  to  0.064,  sub¬ 
sequently  decreasing  the  level  side-scattering  while  increasing  the  cure  depth. 

Shrinkage  cracking  occurred  in  the  acrylate  resin  systems  (with  both  silica  and  HA).  This 
cracking  did  not  occur  in  the  alumina-acrylate  system  which  only  experienced  minor  shrinkage 
(<3%  linear).  There  are  two  simple  ways  to  alleviate  these  shrinkage  stresses.  One  is  to  employ 
an  unreactive  diluent  in  the  acrylate  solution.  This  decreases  the  concentration  of  the  acrylate 
bonds  in  the  resin  and  thus  the  curing  shrinkage.  For  example,  in  the  alumina-aqueous  system,  wa¬ 
ter  and  ethylene  glycol  are  unreactive  diluents  which  dry  after  curing.  The  second  method  is  to 
make  use  of  new  build  styles.  Build  style  refers  to  the  algorithms  used  to  generate  the  path  of  the 
laser  when  drawing  each  layer.  The  power  of  optimizing  the  build  style  to  control  shrinkage  is  seen 
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in  the  use  of  SL5170  epoxy  resin  with  the  ACES™  build  style.  The  theoretical  shrinkage  is  6.2%, 
but  use  of  this  build  style  manages  the  shrinkage  to  an  effective  0.05%  in  the  x  and  y  directions! 
Experimentation  on  build  styles  for  the  specific  ceramic  resins  is  currently  underway. 

Scattering  contributes  to  lower  depths  of  penetration  by  the  uv-radiation  as  well  as  to  larger 
line  widths.  The  overall  shapes  of  the  line  profiles  are  more  shallow  than  in  the  unfilled  resin  also 
due  to  scattering.  As  a  result,  more  radiation  is  delivered  in  a  sideways  direction  which  increases 
the  line  width.  In  order  to  build  accurate  parts,  this  increased  line  width  must  be  dealt  with  in  the 
build  style.  Work  is  underway  to  characterize  and  model  the  shape  of  the  cured  line  profile  for 
these  resins.  Despite  the  progress  made  to  date  on  elementary  fabrication,  shrinkage  issues  and  the 
effect  of  scattering  emphasizes  the  need  to  fully  exploit  the  capabilities  of  the  SLA-250  by  creating 
new  build  styles  to  both  accommodate  the  modified  line  profile  and  alleviate  shrinkage  and  distor¬ 
tion. 
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Figure  1  Schematic  of  a  cured  line  profile  generated  by  laser  scanning  on  the  resin  surface. 


Figure  2  Photos  of  exchangeable  minivat  system.  Elevator  platform  and  recoating  blade  are 

shown  at  the  right. 
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Figure  3  Working  curves  for  silica-acrylate,  alumina-aqueous.  HA-acrj 


Figure  4  Cured  line  profile  for  silica-acrylate  resin  (left)  and  alumina-aqi 


Figure  5  Block  M's:  epoxy  on  the  right,  alumina-as  cured  in  the  center  and 

sintering  at  1550°C  for  1  hour. 
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Figure  6  Fracture  surface  of  sintered  alumina  “Block  M”  made  from  alumina-aqueous  resin. 
Note  scalloped  edges  on  left.  Close-up  picture  on  the  right  shows  no  evidence  of  layering. 


Figure  7  Tilted  view  of  HA-acrylate  “M"  showing  scalloped  edges.  Note  contrast  between 

border  and  fill  regions. 


Microstructures  and  Strengths  of  Metals  and  Ceramics  made  by  Photopolymer- 

based  Rapid  Prototyping 

Walter  Zimbeck,  Matthew  Pope,  Ceramic  Composites,  Inc.,  Annapolis,  MD  21401  410-224-3710; 
and  R.W.  Rice,  Consultant,  Alexandria,  VA  22301  703-971-4379 

ABSTRACT 

Metal  and  ceramic  flexure  specimens  were  fabricated  using  a  photopolymer-based  rapid 
prototyping  technique.  Photosensitive  resins  (inks)  were  produced  by  dispersing  50  -  55  vol% 
metal  or  ceramic  powders  in  a  photopolymer  resin.  Laminates  0.2"  thick  were  built  up  by  repeated 
application  of  layers  3-10  mils  thick  followed  by  curing  under  a  UV  flood  lamp  with  photomasks. 
The  layered  samples  were  thermally  processed  to  remove  the  photopolymer  binder  and  sintered  to 
high  density.  Densities,  microstructural  characterization  and  flexure  strengths  are  reported  for 
silicon  nitride,  alumina,  zirconia,  stainless  steel,  and  tungsten. 

I.  INTRODUCTION 

Freeform  fabrication  of  metal  and  ceramic  components  offers  a  number  of  advantages 
including  cost  and  time  efficient  functional  prototyping  and  small  lot  production,  the  ability  to 
fabricate  complex  shaped  designs  using  materials  which  have  historically  been  difficult  to  shape 
form,  and  the  possibility  of  fabricating  new  material  architectures  with  unique  properties  tailored 
for  specific  applications.  In  demonstrating  the  feasibility  of  freeform  fabrication  processes,  several 
issues  must  be  addressed: 

1 .  Demonstration  that  desired  physical  properties  are  achievable; 

2.  Determination  of  dimensional  accuracy  and  uniformity;  and 

3 .  Demonstration  of  shape  intricacy  capability. 

This  paper  reports  on  progress  made  by  Ceramic  Composites,  Inc.  (CCI)  on  demonstrating 
the  physical  properties  achievable  by  photopolymer-based  fabrication  of  a  variety  of  metals  and 
ceramics.  Photopolymer-based  freeform  fabrication  of  metals  and  ceramics  has  several  unique  and 
significant  advantages  relative  to  other  SFF  processes  such  as  LOM  of  ceramic  and  metal  tapes, 
Fused  Deposition  of  Ceramics,  Selective  Laser  Sintering  and  3D  Printing.  These  advantages  are 
based  in  the  large  existing  infrastructures  of  core  related  technologies.  For  example,  1)  the 
photopolymer  industry  is  large  and  growing  with  a  wide  variety  of  existing  resins  and  a  strong 
R&D  infrastructure  for  new  resin  development;  2)  the  photolithography  infrastructure  supporting 
the  electronics  industry  is  substantial  and  provides  the  hardware  base  for  large  area,  high  speed  and 
high  accuracy  photocuring;  and  3)  photopolymer-based  fabricators,  led  by  3D  Systems'  SLAs  are 
by  far  the  most  prevalent  fabricators  in  use  and  come  with  a  considerable  body  of  R&D  from 
which  new  innovations  and  process  improvements  will  emerge. 

W.R.  Grace  and  Co.  initiated  development  of  ceramic/photopolymer  resins  in  1992, 
however  due  to  major  corporate  restructuring,  Grace  abandoned  development  and  the  technology 
was  transferred  to  CCI  in  1994.  CCI  seeks  to  commercialize  this  technology  through  the  sale  of 
metal  and  ceramic  resins  compatible  with  current  photopolymer-based  fabricators  and/or  by 
offering  service  bureau  capability  for  metal  and  ceramic  components. 

Photopolymer-based  fabrication  of  metal  and  ceramic  objects  entails  formulating  a  colloidal 
suspension  of  fine  inorganic  particles  in  a  photosensitive  resin.  This  metal  or  ceramic  resin  can  be 
used  as  the  feedstock  material  in  photopolymer-based  fabricators  such  as  3D  Systems'  SLA 
machines  and  Cubital’s  Solider  systems  to  build  "green  state"  metal  or  ceramic  objects. 
Subsequent  thermal  processing  of  the  part  bums-off  the  photopolymer  binder  and  sinters  the 
inorganic  particles  to  high  density. 
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Photopolymer-based  fabrication  of  metals  and  ceramics  poses  a  number  of  challenges 
which  are  not  encountered  with  conventional  StereoLithography  and  Solid  Ground  Curing  of 
polymer  parts.  The  initial  challenges  are: 

•  Achieving  high  solids  loading  in  the  resins  while  maintaining  low  viscosity  and  stable 
particle  suspension; 

•  Formulating  the  resin  to  provide  good  interlayer  adhesion,  minimal  shrinkage  during 
cure,  and  nondisruptive  binder  burnout; 

•  Determining  the  binder  burnout  and  densification  conditions  to  give  high  density  and 
desirable  properties; 

The  remainder  of  the  paper  describes  how  these  issues  were  addressed  and  presents  results  for  the 
various  materials  under  development 


II.  EXPERIMENTAL 


II.  1  Resin  Formulation 

A  number  of  tradeoffs  must  be  made  in  formulating  metal  or  ceramic  resins.  For  high 
density  and  high  strength  parts  it  is  desirable  to  maximize  the  solids  volume  fraction  of  fine 
sinterable  particles  in  the  resin.  For  materials  with  high  specific  gravity,  such  as  tungsten  (19.3 
g/cc),  smaller  particle  size  powders  are  additionally  appealing  because  of  their  lower  sedimentation 
rates  (Stoke's  Law),  thereby  enabling  stable  suspensions.  However,  smaller  particles  and  higher 
solids  loading  result  in  higher  viscosity  and  commensurately  longer  layer  application  times.  To 
achieve  as-sintered  material  with  high  density  (>95%),  45  vol%  solids  loading  in  the  resin  is 
typically  a  minimum  requirement,  with  >50  vol%  desired.  In  order  to  achieve  high  solids  loadings 
with  fine  particles,  resin  formulations  must  typically  include  dispersants  and/or  coupling  agents  for 
steric  and  electrostatic  stabilization  to  prevent  particle  agglomeration.  Smaller  particles  and  higher 
solids  loadings  also  result  in  lower  cure  depth,  which  require  the  use  of  thinner  layers. 

Typically  a  blend  of  at  least  two  photomonomers  is  used  in  order  to  achieve  the  desired 
resin  properties.  Key  resin  properties  are: 

•  low  viscosity 

•  stable  particle  suspension 

•  cured  surface  tack  for  interlayer  adhesion 

•  low  cure  shrinkage 

•  sufficient  cured  strength,  rigidity  and  toughness 

In  addition  to  dispersants  and/or  coupling  agents,  other  additives  are  commonly  used  such  as 
plasticizers,  thickeners,  solvents,  and  anti-foaming  agents  to  improve  these  and  other  resin 
properties.  The  procedure  used  to  mix  the  ceramic  or  metal  resins  entails  mixing  the  liquid 
ingredients  together  followed  by  addition  of  the  ceramic  or  metal  powders.  Typically,  the  powders 
are  added  in  increments  to  maintain  flowability  of  the  resin. 

The  final  addition  to  the  mixture  are  the  photoinitiators  or  sensitizers.  The  photoinitiators 
act  as  absorption  sites  for  the  incident  photons  producing  free  radicals  which  initiate  crosslinking 
of  the  monomers.  Photoinitiators  are  typically  added  in  concentrations  of  0.1  -  4  %  based  on  the 
weight  of  the  crosslinkable  monomers.  The  type  and  concentration  of  photoinitiators  used  has  a 
significant  effect  on  cure  depth,  speed  of  cure  and  the  working  curve  of  the  resin.1 
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II.2  Layer  Application  and  Curing 

For  the  purposes  of  building  flat  samples,  a  manual  laminate  building  apparatus  is  used 
(Figure  1).  The  piston  height  is  set  to  a  depth  below  the  top  surface  equal  to  the  desired  layer 
thickness.  Ceramic  or  metal  resin  is  poured  onto  the  piston  and  a  blade  caster  resting  on  the  top 
surface  is  used  to  spread  a  uniformly  thick  layer  of  resin.  The  layer  is  cured  using  an  ultraviolet 
lamp  (Fusion  UV  Curing  Systems)  and  a  photomask,  which  is  placed  just  above  the  surface  of  the 
resin.  By  repeating  the  process,  multilayer  laminates  are  built. 


Uncured 

Resin 


Cured 

Resin 


Blade  Caster 
Spreads  New 
Layer  of  Resin 


m 


Cylinder 


m 


Piston  lowered  by  precision  lead  screw 
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Figure  1.  Laminate  building  apparatus 

n.3  Binder  Removal  and  Sintering 

Once  the  green  state  part  is  built,  it  is  thermally  processed  to  remove  the  organic  (mostly 
photopolymer)  binders  and  subsequently  sintered  to  high  density.  The  binder  burnout  stage  is 
critical  and  requires  carefully  controlled  temperature  ramp-up,  particularly  when  the  organic 
constituents  begin  to  decompose  and  gaseous  by-products  are  generated.  Gases  formed  during 
rapid  decomposition  can  build  up  internal  pressure  and  cause  delamination,  blistering  and  bloating 
of  the  part,  especially  in  thick  sections.  Differential  scanning  calorimetry  (DSC)  and  thermo- 
gravimetric  analysis  (TGA)  can  be  used  to  determine  the  temperatures  at  which  decomposition 
occurs.  A  burnout  schedule  can  be  derived  from  these  data  which  results  in  non-disruptive  rate  of 
weight  loss  during  the  heating  cycle.  Above  500°C,  most  of  the  organic  phases  have  been 
removed  and  heating  can  be  continued  up  to  the  respective  sintering  temperatures.  Sintering 
schedules  commonly  used  in  powder  metallurgy  or  powder  processing  of  ceramics  can  be  used  to 
sinter  components  to  high  density  providing  sufficient  green  densities  had  been  achieved. 

HI.  RESULTS 

IH.l  Alumina 

Alumina  resins  were  made  using  A16  SG  powder  (~0.4  jxm  average  particle  size,  APS) 
from  Alcoa.  The  photopolymer  formulation  consisted  of  three  commercially  available  acrylate 
based  monomers.  At  45  vol%  solids  loading  the  resin  viscosity  is  -1200  cPs.  At  50  vol%  solids 
the  viscosity  increases  to  -3,000  cPs,  still  well  within  the  practical  viscosity  range  for  layer 
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building  using  the  blade  casting  technique  shown  in  Figure  1.  Crystalline  alumina  shows  high 
spectral  transmittance  ( — 0.8)  from  300  nm  out  to  about  4  pm  wavelengths,  and  the  alumina  resins 
show  good  depth  of  penetration  at  the  principal  output  wavelengths  of  the  lamp  (400  -  425  nm). 
At  a  five  second  exposure,  which  roughly  correlates  to  an  exposure  dose  of  100  mJ/cm2,  the  cure 
depth  is  0.033".  At  two  and  one  second  exposures  the  cure  depths  are  0.015"  and  0.003  , 
respectively. 

Using  a  50  vol%  alumina  resin,  samples  0.1”  and  0.2"  thick  were  built  with  0.005"  thick 
layers.  Some  delamination  problems  were  encountered  when  layers  10  and  15  mils  thick  were 
used,  possibly  due  to  stresses  resulting  from  shrinkage  of  the  resin  during  curing.  Differential 
scanning  calorimetry  (DSC)  and  thermogravimetric  analysis  (TGA)  tests  were  performed  on  small 
pieces  of  cured  alumina  resin.  TGA  tests  showed  weight  loss  beginning  at  ~150°C  and  ending  at 
~480°C.  DSC  tests  showed  two  exothermic  peaks  in  this  range,  one  centered  at  ~275°C  and  one 
centered  at  ~400°C.  Based  on  this  data  an  18  hour  binder  burnout  cycle  was  derived.  Sample 
weight  loss  during  binder  removal  is  in  the  range  15  -  18%.  After  binder  removal,  the  samples 
were  sintered  in  air  at  1600°C  for  2  hours. 

Sintered  densities  ranged  from  90%  to  greater  than  98%  theoretical.  Samples  with 
densities  below  98%  exhibited  voids  caused  by  air  bubbles  in  the  resin  and  delamination  defects 
particularly  near  the  edges.  Samples  with  densities  exceeding  98%  showed  no  voids  or 
delaminations  and  were  the  result  of  improved  resin  preparation  and  layer  building  techniques. 
Figure  2  shows  opposing  fracture  surfaces  of  an  alumina  sample  with  a  large  void  at  the  comer  and 
two  delaminations.  Figure  3  shows  a  dense  alumina  sample  with  no  laminar  artifacts  visible  which 
was  produced  further  into  the  development  The  sintered  grain  size  of  these  samples  was  typically 
in  the  range  30  to  50  microns,  indicating  extensive  grain  growth  due  to  over  sintering. 

Strength  data  was  obtained  by  three  point  flexure  tests.  Small  flexure  samples  were  diced 
from  the  larger  specimens  and  tested  as-is  without  surface  grinding  or  chamfering.  Samples  with 
density  >98%  (see  Figure  3)  exhibited  strengths  of  ~350  MPa  (53,700  psi)  which  is  typical  of  cold 
pressed  and  sintered  A16  alumina.  Samples  with  delaminations  and  voids  (see  Figure  2)  exhibited 
strengths  in  the  range  200  -  300  MPa. 


Figure  2.  Alumina  sample  fracture  surface  showing  delamination  and  void. 
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Figure  3.  Alumina  sample  fracture  surface  showing  no  lamination  artifacts  or  visible  defects. 

IH.2  Silicon  Nitride 

Silicon  nitride  resins  were  made  with  a  70:30  mixture  of  SN  E3  (0.7  pm  APS)  and  SN  E10 
(0.3  pm  APS)  powder  from  Ube.  Alumina  and  yttria  sintering  aids  were  used  at  5  wt%  of  the 
silicon  nitride  powder.  The  photopolymer  mixture  that  was  used  for  alumina  resins  was  also  used 
for  the  silicon  nitride  resins.  At  45  vol%  solids  the  silicon  nitride  resin  has  a  viscosity  of  -3,500 
cPs  and  at  50  vol%  the  viscosity  increases  to  -5,000  cPs.  Relative  to  the  alumina  resins,  the 
silicon  nitride  resins  exhibit  very  limited  cure  depth.  The  maximum  cure  depth  observed  was 
0.004".  Griffith  and  Halloran3  have  derived  a  relationship  between  cure  depth  and  resin  properties 
which  shows  that  the  penetration  depth  is  inversely  proportional  to  the  square  of  the  difference  in 
refractive  index  (RI)  between  the  ceramic  and  the  UV  curable  solution  (1/An2).  The  RI  of  the 
photopolymer  mixture  is  roughly  1.45.  The  RI  of  alumina  is  1.7  and  the  RI  of  silicon  nitride  is 
2.1.  Thus,  the  1/An2  factor  is  roughly  7  times  higher  for  alumina  resins  compared  to  silicon  nitride 
resins,  accounting  for  much  of  the  observed  difference  in  cure  depth. 

Using  a  50  vol%  silicon  nitride  resin,  samples  0.1"  thick  were  built  using  a  layer  thickness 
of  0.002".  A  few  samples  were  made  with  0.005"  thick  layers,  resulting  in  uncured  resin  between 
each  cured  layer.  The  uncured  resin  layers  act  as  slip  planes  which  accommodate  shrinkage  during 
cure  so  that  no  curling  of  these  samples  was  observed.  However,  binder  burnout  and  sintering  of 
these  samples  resulted  in  severe  delaminations.  A  binder  burnout  schedule  identical  to  the  one 
used  for  alumina  resins  was  used  for  the  silicon  nitride  samples. 

Several  different  sintering  schedules  were  carried  out  under  1  atm.  nitrogen,  but  difficulties 
in  temperature  control  resulted  in  samples  that  were  at  best  90%  dense  with  some  degree  of 
delamination.  The  maximum  three  point  flexure  strength  of  these  samples  was  412  MPa  and  the 
laminar  nature  was  evident  in  the  fracture  surfaces.  One  silicon  nitride  sample  was  hot  pressed  at 
1800°C.  This  sample  was  fully  dense  with  no  laminar  defects  visible  and  flexure  strengths  ranging 
from  505  to  757  MPa  with  an  average  from  three  specimens  of  636  MPa.  Figure  4  is  an  SEM 
photograph  of  the  microstructure  of  the  hot  pressed  silicon  nitride  sample  showing  a  high 
concentration  of  the  acicular  (3  grains. 


Figure  4.  5000x  electron  micrograph  of  the  hot  pressed  silicon  nitride  sample. 
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III.3  Stainless  Steel 


Stainless  steel  resins  were  made  using  316L  stainless  steel  powder  with  particle  size 
<16pm  (Anval,  Inc.).  The  resin  formulation  had  to  be  adjusted  to  include  higher  viscosity 
monomers  which  prevented  rapid  settling  of  the  relatively  large  and  dense  (p  =  7.9  g/cc)  stainless 
steel  particles.  Resins  with  55  vol%  solids  content  exhibited  relatively  low  viscosity.  The 
viscosity  of  these  resins  was  not  measured,  although  they  have  lower  viscosity  than  the  45  vol% 
alumina  resins,  which  were  measured  at  1,200  cPs.  Stainless  steel  is  opaque  at  the  wavelengths  of 
interest;  thus,  light  penetration  is  dependent  on  spacing  between  particles  and  reflectivity  of  the 
particles.  At  400  nm,  roughened  stainless  steel  plate  has  a  reflectivity  of  ~0.94.  The  reflectivity 
would  likely  be  lower  for  -16  pm  stainless  steel  particles.  The  maximum  cure  depth  achievable 
with  the  316L  resins  was  0.003"  -  0.004"  with  exposure  doses  comparable  to  those  used  for  the 
silicon  nitride  resins. 

Using  a  55  vol%  316L  resin,  samples  0.1"  and  0.2"  thick  were  built  with  0.002"  thick 
layers.  Binder  removal  and  sintering  of  the  stainless  steel  samples  was  conducted  in  a  reforming 
gas  environment  (4%  H2  in  argon)  to  prevent  oxidation  of  the  stainless  steel.  In  this  atmosphere, 
the  onset  of  thermal  degradation  begins  at  ~280°C  and  continues  up  to  ~480°C.  In  this  temperature 
range,  the  ramp  rate  was  held  to  0.3°C/minute.  Three  sintering  temperatures  were  evaluated, 
1000°C,  1 100°C  and  1125°C,  which  resulted  in  sample  densities  of  81%,  92%  and  95%, 
respectively.  The  samples  sintered  at  1 100°C  were  placed  on  graphite  setter  material  during 
sintering.  These  samples  exhibited  brittle  fracture  behavior  and  strengths  between  314  and  355 
MPa.  The  samples  sintered  at  1 125°C  were  placed  on  alumina  setter  material  during  sintering  and 
showed  considerable  ductility  in  fracture  and  strengths  between  397  and  455  MPa.  The  brittle 
behavior  of  the  samples  sintered  on  graphite  setter  material  was  probably  a  result  of  carbide 
formation  on  the  surface  in  contact  with  the  graphite.  The  ductile  nature  of  the  other  stainless  steel 
samples  indicates  that  if  any  carbon  residue  is  left  during  binder  burnout,  it  is  not  significant 
enough  to  cause  carbide  embrittlement  of  the  stainless  steel.  Figure  5  is  a  photograph  of  one  of  the 
95%  dense  31 6L  samples  after  flexure  testing  showing  the  ductility  of  the  material.  Figure  6 
shows  a  fracture  surface  of  another  95%  dense  316L  sample.  The  0.002"  thick  layers  are  barely 
visible  in  this  photograph,  although  the  laminar  artifacts  did  not  appear  to  weaken  the  material  and 
may  tend  to  strengthen  the  material  by  redirecting  crack  growth  along  the  interface  between  layers. 


Figure  4.  316L  stainless  steel  sample  after  flexure  test,  showing  considerable  ductility. 
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Figure  5.  Fracture  surface  of  a  316L  stainless  steel  sample  showing  0.002”  thick  layers. 

III.4  Tungsten 

Tungsten's  high  density  (19.3  g/cc)  requires  that  special  consideration  be  given  to  resin 
formulation  in  order  to  minimize  particle  settling  rates.  High  settling  rates  will  result  in  non 
uniform  intra-  and  inter-layer  solids  volume  fraction  and  non  uniform  shrinkage  during  sintering. 
High  viscosity  monomers  and  additives  are  being  used  to  reduce  particle  settling  in  the  resins. 
Stokes’  Law  shows  that  particle  size  also  has  a  large  effect  on  settling  rates.  While  smaller 
particles  result  in  lower  settling  rates,  other  effects  must  also  be  considered  and  tradeoffs  made. 
For  example,  smaller  particles  are  desirable  for  better  sinterability,  fine  sintered  grain  size  and 
generally  higher  strength  as  well  as  lower  settling  rates  in  the  resin.  However,  smaller  particles 
result  in  higher  resin  viscosity  at  the  same  solids  volume  fraction  or  lower  solids  volume  fraction  at 
the  same  resin  viscosity.  As  shown  by  Griffith  and  Halloran  (see  reference  3),  smaller  particle  size 
also  results  in  shallower  cure  depth.  Thus,  resins  were  formulated  with  particle  size  powders 
ranging  from  0.8  |im  up  to  10  p.m  APS  and  settling  rates,  viscosity  and  cured  depth  tests  were 
conducted.  Although  testing  is  not  complete,  results  indicate  that  particles  sizes  between  2  and  5 
pm  are  a  good  compromise,  providing  satisfactory  cure  depth  (0.002"  -  0.003"),  workable  settling 
rates,  and  solids  loadings  of  50  vol%  while  maintaining  practical  viscosity. 

The  0.002"  -  0.003"  cure  depths  achievable  with  these  tungsten  resins  require  an  exposure 
dose  of  roughly  3,000  mJ/cm2,  which  is  2  -  3  times  higher  than  used  on  the  stainless  steel  resins. 
One  factor  which  may  at  least  partially  explain  the  higher  required  dose,  is  tungsten's  relatively 
high  absorptivity  at  the  wavelengths  of  interest.5  The  much  higher  absorptance  of  tungsten  at  400 
nm  (~0.52)  compared  to  stainless  steel  (~0.12)  indicates  that  the  tungsten  particles  act  as 
absorption  sites  and  are  competing  with  the  photoinitiators  for  incident  radiation.  Thus,  higher 
exposure  doses  are  required  to  achieve  curing  of  the  tungsten  resins. 

IV.  SUMMARY  AND  CONCLUSIONS 

The  objective  of  this  work  was  to  demonstrate  that  physical  properties,  particularly 
strength,  similar  to  conventionally  processed  materials  could  be  achieved  by  photopolymer-based 
freeform  fabrication.  A  variety  of  metal  and  ceramic  resins  were  formulated  and  samples  were 
built  using  a  manual  laminate  building  apparatus  and  a  UV  flood  lamp/photomask  system.  Density 
and  flexure  strength  data  showed  that  high  densities  and  strengths  could  be  achieved  using  this 
process.  Resin  properties  and  as-sintered  densities  and  strengths  of  all  the  materials  are 
summarized  in  Table  1. 

Potential  limitations  to  using  these  resins  with  commercial  photopolymer-based  fabricators 
were  also  identified.  Based  on  the  resin  properties  observed,  it  appears  that  alumina  resins  have 
high  compatibility  with  commercial  photopolymer-based  fabrication  systems.  Work  is  underway 


with  alumina  resins  to  demonstrate  this  compatibility  and  complex  shape  building  capability. 
Similar  compatibility  is  expected  for  other  oxide  ceramics  such  as  silica,  zirconia,  mullite,  etc.  The 
compatibility  of  silicon  nitride  and  stainless  steel  resins  with  commercial  systems  is  lower  primarily 
due  to  the  limited  cure  depth  (0.003"  -  0.004"  maximum)  of  these  resins.  This  is  at  the  typical 
lower  limit  of  layer  thicknesses  currently  recommended  with  commercial  systems,  although 
alternative  layer  application  methods  which  can  apply  thinner  layers  uniformly  could  potentially  be 
developed  for  these  commercial  systems.  Tungsten  resins  have  limited  cure  depth  (0.002"  - 
0.003"  maximum)  but  also  involve  challenges  not  encountered  with  the  other  materials.  Keeping 
the  tungsten  particles  suspended  in  the  resin  is  difficult  and  may  require  a  layer  application  system 
which  includes  an  agitated  resin  storage  tank  to  maintain  suspension.  Tungsten  resins  also  appear 
to  have  much  higher  Edit,  the  minimum  exposure  dose  required  to  achieve  gelation,  which  could 
significantly  extend  build  times.  Further  research  will  more  clearly  define  the  limitations  and 
equipment  requirements  for  tungsten  resins. 


Table  1.  Summary  of  resin  properties  and  as-sintered  densities  and  strengths. 


Material 

Solids  voI% 
in  Resin 

Resin 

Viscosity 

Cure  Depth 
(max) 

Density 

Flexure 
Strength  (max) 

Alumina 

50 

-3000  cPs 

>0.033" 

>99% 

360  MPa 

Zirconia* 

40 

_ 

-0.006" 

>97% 

530  MPa 

Si3N4 

50 

-5000  cPs 

0.004" 

90%  &  >99%# 

412  &  757#  MPa 

Stainless  Steel 

55 

<1200  cPs 

0.003" 

95% 

455  MPa 

50 

— 

0.0025” 

— 

*Zirconia  resin  developed  and  tested  at  W.R.  Grace  prior  to  CCI  involvement, 
^his  silicon  nitride  sample  hot  pressed  to  full  density. 
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1.  Abstract 


As  rapid  prototyping  becomes  more  prominent,  industry  relies  more  on 
the  mechanical  properties  of  the  builds.  Fused  Deposition  Modeling  (FDM) 
tensile  samples  were  constructed  and  tested  in  order  to  characterize  the 
mechanical  properties  of  Acrylonitrile  Butadiene  Styrene  (ABS)  FDM  builds. 
Parameters  such  as  fill  gap,  line  width,  and  slice  thickness  were  varied  in  the 
production  of  the  FDM  samples.  This  was  performed  independently  to  isolate  the 
effect  of  each  parameter  on  mechanical  properties.  Results  include  the  ultimate 
tensile  strength,  yield  strength,  elongation,  energy  to  fracture,  modulus  of 
elasticity,  and  dimensional  analysis.  High  magnification  fracture  surface  analysis 
was  also  be  performed  to  aid  in  the  characterization  of  sample  failures. 

2.  Introduction 

The  mechanical  properties  of  polymers  are  characterized  in  the  same 
manner  as  metals  using  stress  strain  curves  and  the  parameters  derived  from 
those  curves.  Polymer  materials  display  the  brittle  and  ductile  behavior  observed 
in  metals  as  well  as  behaving  in  a  highly  elastic  manner  (Berns  1991). 

All  forms  of  mechanical  stress  have  components  of  tensile  loading.  In 
bending,  the  layer  of  material  on  the  outside  of  the  bend  radius  is  in  tension.  In 
shear,  the  material  at  90°  to  the  direction  of  shear  is  in  tension.  In  torsion,  the 
material  on  the  entire  circumference  is  in  tension.  Even  in  compression,  there  is 
a  component  of  tensile  loading  through  the  center  of  the  sample  due  to  the 
elastic  properties  of  plastics  (Gere  and  Timoshenko  1990),  (Berns  1991).  Due  to 
this  wide  influence  of  tensile  strength,  it  is  the  most  common  property  referred  to 
when  considering  general  strength  of  materials  (Berns  1991). 

There  can  be  one  or  two  phases  during  the  failure  of  a  polymer  under 
tension.  The  material  may  first  yield,  which  results  in  a  reduction  of  its  load 
carrying  capacity,  but  continue  to  elongate.  The  second  phase  is  “brittle  and 
rapid  failure”  (Gere  and  Timoshenko  1990).  Yielding  occurs  when  the  load  to 
overcome  the  intermolecular  secondary  forces  is  less  than  that  required  to  break 
primary  molecular  bonds.  Within  the  yielding  phenomena,  the  long  chain-like 
molecules  begin  to  uncoil  and  slip  past  each  other.  If  the  load  persists,  the 
material  will  continue  to  elongate  with  continued  molecular  orientation.  Further 
loading  results  in  considerable  molecular  orientation  in  which  the  molecules  are 
almost  completely  aligned  in  an  anisotropic  fashion  in  the  direction  of  loading.  At 
this  point  the  load  begins  to  be  resisted  by  primary  molecular  bonds.  The  load 
carrying  capacity  may  then  increase  until  the  primary  bond  strength  within  the 
molecular  chains  is  exceeded  and  the  material  undergoes  rapid  brittle  failure 
(Berns  1991). 

Accurate  experimental  results  will  depend  on  the  load  being  distributed 
uniformly  throughout  the  gage  section.  If  the  load  distribution  is  non-uniform,  the 
true  length  in  which  deformation  occurs  will  not  be  known.  In  such  cases,  using 
the  gage  length  in  the  calculations  will  produce  erroneous  values.  Surface 
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defects  and  contamination  are  other  common  causes  of  erroneous  tensile  data. 
Nicks,  scratches,  bubbles,  or  other  defects  on  the  surface  of  test  samples  serve 
as  an  initiation  site  for  fractures.  As  the  test  starts,  stress  builds  uniformly 
throughout  the  gage  section  of  the  sample  as  the  molecules  distribute  the  stress 
evenly  among  themselves.  The  molecules  bordering  a  surface  defect  cannot 
distribute  the  stress  to  the  molecules  on  the  other  side  of  the  defect  (Courtney 
1990). 

If  the  defect  arises  from  solid  contamination,  the  adhesive  attraction  of  the 
molecules  to  the  defect  is  low.  The  stress  is  channeled  from  the  molecules 
bordering  the  defect  to  the  molecules  located  where  the  defect  stops. 
Concentration  of  the  stress  occurs  where  the  two  sides  of  the  defect  meet  at  90° 
to  the  direction  of  loading.  The  stress  will  increase  rapidly  at  the  concentration 
point  and  primary  molecular  bonds  will  break.  A  crack  will  develop  which  will 
then  serve  as  a  defect  itself  and  will  propagate  through  the  material  by  the  same 
action  that  initiated  at  the  original  defect. 

Rate  of  deformation  is  another  important  factor  in  determining 
measurements  obtained  from  testing.  Stress  in  a  sample  is  actually  the 
polymer's  response  to  deformation.  A  tensile  testing  machine  pulls  on  a  sample 
causing  deformation.  The  resistance  to  the  deformation  is  the  value  which  is 
measured  and  used  to  calculate  tensile  properties.  A  high  rate  of  deformation 
allows  less  time  for  molecules  to  mobilize  and  uncoil  to  locally  relieve  the  stress. 
This  results  in  less  deformation  before  primary  bonds  are  broken  and  potentially 
a  lower  stress  value  at  failure.  Significant  reductions  can  also  be  seen  in  yield 
and  ultimate  elongation.  To  prevent  such  phenomena,  sufficient  cross  head 
speeds  are  selected  per  tensile  test. 

After  the  proper  testing  parameters  are  obtained,  tensile  tests  will  be 
conducted  in  accordance  to  ASTM  standard  D  638  (Figure  1).  All  data  which  is 
obtained  from  testing  will  then  be  tabulated  for  interpretation. 

3.  Fused  Deposition  Modeling 

The  polymer  to  be  tested  will  be  FDM  constructed  ABS.  Fabrication  of  a 
FDM  piece  is  a  multi-step  procedure.  Using  a  computer,  a  three  dimensional 
image  is  first  sliced  into  cross-sectional  planes.  These  planes  are  used  by  the 
Stratasys  1600  rapid  prototyping  machine  to  build  the  part,  layer-by-layer 
(Figure  2).  The  first  layer  of  the  part  is  bonded  by  the  FDM  machine  to  a  support 
platform  via  an  extruded  path  defined  by  the  shape  of  the  first  computer-sliced 
area.  The  FDM  platform  is  lowered  a  preset  distance  after  the  first  layer  has 
been  laid  down.  Material  is  then  extruded  over  the  surface  of  the  first  layer  and 
bonded  to  form  the  second  layer.  The  process  repeats  until  the  complete  three 
dimensional  structure  is  constructed. 

Van  Weeren  et  al  (Weeren  1995)  here  examined  the  quality  of  FDM 
constructed  pieces  with  respect  to  the  defects  in  ceramic  materials.  Our 
investigations  focus  on  ABS,  the  most  widely  used  material  for  FDM 
manufacturing  at  this  time.  This  study  on  the  strength  of  ABS-FDM  builds  will 
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form  the  basis  of  future  research  on  enhancing  ABS-FDM  RP  parts  by  post 
processing  with  epoxies  or  other  composite  supplements  to  enhance  strength  for 
lower  density  ABS  builds  for  FDM  machines. 

When  a  molten  polymer  is  joined  to  a  solid  polymer,  incomplete  bonding 
can  result.  This  can  cause  lower  tensile  strength  along  this  bonding  interface. 
Once  the  melt  comes  in  contact  with  the  solid,  the  bond  looses  its  structural 
integrity  along  the  surface  of  separation.  This  occurs  because  polymer 
molecules  can  only  reestablish  a  high  degree  of  interlinking  across  the  surface 
by  a  slow  diffusion  process  that  is  driven  by  thermal  (Brownian)  motion 
(Courtney  1990). 

4.  Visual  and  Dimensional  Analysis 

In  order  to  verify  the  builds  produced  by  the  FDM  machine,  Scanning 
Electron  Microscopy  was  performed.  At  high  magnification,  parameters  such  as 
fill  gap,  line  width,  and  slice  thickness  can  be  confirmed  prior  to  actual  testing  of 
the  samples  (Figure  3).  After  testing  of  the  samples  is  completed,  SEM  analysis 
can  again  be  employed  to  characterize  the  failure  of  the  specimens  (Figure  4). 
Dimensional  analysis  was  performed  throughout  experimentation  (Figure  5). 

This  analysis  can  thus  verify  the  dimensional  integrity  of  the  FDM  constructed 
builds. 

5.  Experimental  Results  and  Discussion 

Initial  experimentation  was  performed  on  samples  which  were  constructed 
in  accordance  to  three  different  build  style  parameters.  The  parameters  for  these 
build  styles  have  been  summarized  in  the  following  table: 

Build  Style  Layer  Width  Raster  Angle  Gap  Road  Fill 

Sample  # _ _ _ _ _ 

f  0.010”  45°  ,45°  0  0.020” 

2  0.010”  45°  ,45°  0  0.015” 

3  0.010”  Contour  0  0.020” 

Experimentation  has  yielded  the  following  results: 


Build 

Style/ 

Sample# 

Peak  Stress 
(MPa) 

Fracture 
Stress  (MPa) 

Elongation  at 
Fracture  (mm) 

Modulus 

(GPa) 

Energy  to 
Fracture  (J) 

1 

17.33 

15.51 

0.851 

0.961 

0.125 

2 

19.42 

16.81 

1.21 

1.02 

0.21 

3 

21.15 

17.23 

1.04 

1.08 

0.18 
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This  preliminary  empirical  data  demonstrates  the  contour  constructed 
specimens  exhibit  the  strongest  properties  under  such  tensile  forces.  In  the  case 
of  the  contour  constructed  samples,  the  ABS  lines  in  the  necked  gage  section  of 
the  sample  are  all  aligned  in  an  anisotropic  orientation  in  the  axis  of  loading. 
Such  orientation  would  then  lead  to  quantify  the  resistance  of  the  lines 
themselves,  not  the  bond  forces  between  them,  as  in  the  case  of  samples  1  and 
2. 

Further  research  was  performed  on  enhancing  ABS-FDM  parts  by  post 
processing  with  several  different  epoxies  and  adhesives.  The  tensile  specimens 
were  constructed  from  the  same  design,  altering  only  the  gap  between  +45°/-45° 
rasters.  The  gaps  selected  for  this  experiment  were  0.02”,  0.03”,  and  0.05”.  Build 
parameters  are  summarized  in  the  following  table. 


Build  Style/Sample# 

Layer  Width 

Raster  Angle 

Gap 

Road  Fill 

1 

0.010” 

45°  ,45° 

0 

0.020” 

2 

0.010” 

45°  ,45° 

0 

0.015” 

3 

0.010” 

Contour 

0 

0.020” 

Four  bonding  agents  which  were  ABS  compatible  were  selected  and 
impregnated  into  tensile  specimens  by  hand  lay-up  techniques.  After  proper  cure 
time  the  specimens  were  tested  in  accordance  to  ASTM  D  638.  The  following 
tables  and  charts  summarize  the  results  from  the  performed  tensile  tests: 


Peak  Tensile  Stress  (MPa)  for  Post-Processed  Specimens 

Gap 

0.02” 

0.03” 

0.05” 

Baseline 

10.58 

7.12 

10.87 

Adhesive  5Min 

17.30 

15.53 

19.54 

MDGIue 

16.18 

15.49 

19.08 

Clear 

13.05 

8.25 

12.16 

Ultra 

16.29 

16.25 

19.82 

Tangent  Modulus  (MPa)  for  Post-Processed  Specimens 

Gap 

0.02 

0.03 

0.05 

Baseline 

0.43 

0.28 

0.42 

Adhesive  5Min 

1.31 

1.20 

1.18 

MDGIue 

0.85 

0.86 

0.85 

Clear 

0.37 

0.28 

0.50 

Ultra 

0.78 

0.81 

0.95 
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MPa  MPa 


Peak  Stress  For  All  Samples 


Baseline  Clear  MDGIue  5Min  Ultra 


Tangent  Modulus  For  All  Samples 
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The  data  and  graphical  illustrations  clearly  illustrate  an  increase  in  the 
tensile  strength  of  the  specimens  as  a  result  of  applying  any  of  the  bonding 
agents.  The  tangent  modulus  was  also  increased  with  the  addition  of  the 
bonding  agents  in  all  but  one  of  the  four  cases. 

Photomicrographs  obtained  through  scanning  electron  microscopy 
illustrate  the  surface  topography  of  the  fracture  surface  of  the  tensile  specimens 
tested.  Failure  of  the  samples  impregnated  with  the  bonding  agents  have  been 
characterized  and  placed  into  one  of  several  categories.  With  the  bonding 
agents  acting  as  a  matrix  and  the  ABS  polymer  as  a  reinforcing/filler  material, 
the  fracture  surfaces  were  categorized  as  exhibiting  one  of  the  following 
appearances:  brittle  matrix  failure  and  ductile  polymer  failure,  mutually  ductile 
failure,  and  mutually  brittle  failure  (Figures  6  - ). 

The  fracture  surface  of  the  “MDGIue”  adhesive  demonstrated  the  highest 
degree  of  mutually  ductile  failure  modes  of  all  the  samples  analyzed  in  all  build 
styles  (Figures  6  - 12).  Figure  12  at  580X  clearly  illustrates  the  similar  ductile 
fracture  surface  of  the  matrix  and  fiber.  Note  also  the  mixed  modes  of  adhesive 
and  cohesive  failure  at  the  fiber  matrix  interface  (Figure  7). 

The  fracture  surface  of  the  samples  impregnated  with  the  “Clear” 
adhesive  also  demonstrated  a  considerable  degree  of  mutually  ductile 
failure(Figures  13-16).  In  contrast  to  the  samples  impregnated  with  the 
“MDGIue”  adhesive,  the  “Clear”  samples  exhibited  all  adhesive  failure  at  the 
matrix/fiber  interface  without  indication  of  any  cohesive  failure  (Figures  13,  14). 

Both  the  “5Min”  and  “Ultra”  adhesives  resulted  in  fracture  surfaces  which 
exhibited  brittle  failure  of  the  matrix  and  ductile  failure  of  the  fibers  (Figures  17  - 
24  and  Figures  25  -  32  respectively)  In  all  of  the  figures  for  the  two  adhesives  a 
definite  lack  in  deformation  prior  to  fracture  is  evident. 

It  has  been  determined  that  the  mechanical  properties  of  FDM  modeled 
samples  can  be  manipulated  by  the  standard  in  which  they  are  built.  The 
properties  can  easily  be  altered  by  the  modification  of  one  of  the  criterion  of 
FDM  construction.  In  addition  the  mechanical  properties  can  again  be  improved 
by  the  impregnation  of  common  bonding  agents.  Not  only  can  adhesive  be 
selected  to  increase  the  mechanical  properties,  but  also  can  also  to  control  the 
mode  of  failure  between  the  bonding  agent  and  polymer  fiber. 
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Figure  2:  Stratasys  1600  FDM  apparatus  in  process. 
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Figure  3:  Surface  roads  and  side  view  if  slices. 


Figure  4:  Fracture  surface  of  FDM  constructed  ABS  tensile  sample. 
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Figure  6:  Fracture  surface  of  MDGIue  impregnated  sample  at  0.02”  gap  and  25X. 
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Figure  7:  Fracture  surface  of  MDGIue  impregnated  sample  at  0.02”  gap  and  1 12X. 

Note  the  mixed  cohesive  and  adhesive  failure  at  the  fiber/matrix  interface 


Figure  8:  Fracture  surface  of  MDGIue  impregnated  sample  at  0.02”  gap  and  26.4X. 
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Figure  9:  Fracture  surface  of  MDGIue  impregnated  sample  at  0.03”  gap  and  24.4X. 


Figure  11:  Fracture  surface  of  MDGIue  impregnated  sample  at  0.05”  gap  and  580X. 

Note  the  similarity  of  the  ductile  appearance  between  the  polymer  fiber  in  the  upper 
portion  of  the  photomicrograph  and  the  adhesive  matrix  in  the  lower. 


Figure  12:  Fracture  surface  of  MDGIue  impregnated  sample  at  0.05”  gap  and  2540X. 

The  lower  left  portion  of  the  photomicrographs  illustrates  the  fracture  surface  of  the 
adhesive  at  high  magnification,  while  the  upper  right  displays  the  adhesive  fracture  at 
the  interface. 
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Figure  13:  Fracture  surface  of  Clear  impregnated  sample  at  0.02”  gap  and  27.2X. 


Figure  14:  Fracture  surface  of  Clear  impregnated  sample  at  0.02”  gap  and  64.5X. 
Note  the  pure  adhesive  failure  of  the  highly  ductile  matrix. 


Figure  15:  Fracture  surface  of  Clear  impregnated  sample  at  0.03”  gap  and  24.6X. 


Figure  16:  Fracture  surface  of  Clear  impregnated  sample  at  0.05”  gap  and  31 .4X. 
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Figure  17:  Fracture  surface  of  5Min  impregnated  sample  at  0.02”  gap  and  21. OX. 


Figure  18:  Fracture  surface  of  5Min  impregnated  sample  at  0.02”  gap  and  16.1X. 
Note  the  lack  of  deformation  in  the  adhesive. 
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Figure  19:  Fracture  surface  of  5Min  impregnated  sample  at  0.03”  gap  and  25. 8X. 


Figure  20:  Fracture  surface  of  5Min  impregnated  sample  at  0.03”  gap  and  18.5X. 
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Figure  21:  Fracture  surface  of  5Min  impregnated  sample  at  0.03”  gap  and  2100X. 

Note  the  difference  in  appearance  between  the  ductile  failure  of  the  polymer  fiber  in 
the  upper  right  as  compared  to  the  brittle  failure  of  the  matrix  in  the  lower  left. 


Figure  22:  Fracture  surface  of  5Min  impregnated  sample  at  0.05”  gap  and  22.6X. 


437 


Figure  23:  Fracture  surface  of  5Min  impregnated  sample  at  0.05”  gap  and  595X. 

Note  the  difference  in  appearance  between  the  ductile  failure  of  the  polymer  fiber  in 
the  upper  half  as  compared  to  the  brittle  failure  of  the  matrix  in  the  lower. 


Figure  24:  Fracture  surface  of  5Min  impregnated  sample  at  0.05”  gap  and  44X. 
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Figure  26:  Fracture  surface  of  Ultra  impregnated  sample  at  0.02”  gap  and  16X. 
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Figure  27:  Fracture  surface  of  Ultra  impregnated  sample  at  0.02”  gap  and  29X. 


Figure  28:  Fracture  surface  of  Ultra  impregnated  sample  at  0.02”  gap  and  388X. 

Note  the  difference  in  appearance  between  the  ductile  failure  of  the  polymer  fiber  in 
the  center  of  the  photomicrograph  as  compared  to  the  brittle  failure  of  the  matrix  at 
the  perimeter. 
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Figure  29:  Fracture  surface  of  Ultra  impregnated  sample  at  0.03”  gap  and  29X. 


Figure  30:  Fracture  surface  of  Ultra  impregnated  sample  at  0.03”  gap  and  165X. 

Note  the  difference  in  appearance  between  the  ductile  Adhesive  failure  at  the 
fiber/matrix  as  compared  to  the  brittle  failure  of  the  matrix. 


Figure  31:  Fracture  surface  of  Ultra  impregnated  sample  at  0.05”  gap  and  25.2X 
Note  the  lack  of  deformation  in  the  adhesive. 


Figure  32:  Fracture  surface  of  Ultra  impregnated  sample  at  0.05”  gap  and  25X. 
Note  the  lack  of  deformation  in  the  adhesive. 
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RECENT  DEVELOPMENTS  IN  EXTRUSION  FREEFORM  FABRICATION  (EFF) 
UTILIZING  NON-AQUEOUS  GEL  CASTING  FORMULATIONS 


Greg  E.  Hilmas.  John  L.  Lombardi,  Robert  A.  Hoffman,  and  Kevin  Stuffle 

Advanced  Ceramics  Research,  Inc. 

Tucson,  Arizona 


ABSTRACT 

Extrusion  Freeform  Fabrication  (EFF)  was  shown  to  be  an  extremely  versatile  method  for 
fabricating  Functionally  Graded  Materials  (FGMs)  The  approach  is  inexpensive  and  potentially 
feasible  for  grading  between  any  thermodynamically  compatible  ceramic-metal,  ceramic-ceramic, 
or  metal-metal  material  combination.  Several  material  systems  were  investigated  in  this  study 
including  alumina-304  stainless  steel,  zirconia-304  stainless  steel,  alumina-inconel  625,  zirconia- 
Inconel  625,  alumina-nickel  aluminide,  zirconia-nickel  aluminide,  titanium  carbide-inconel  625, 
titanium  diboride-nickel  aluminide,  and  tungsten  carbide-nickel  aluminide.  A  controlled  gradient 
was  demonstrated  between  the  end  members  for  all  of  the  above  compositions.  The  FGMs  were 
hot  pressed  to  achieve  near  theoretical  densities,  providing  flexural  strengths  as  high  as  1000  MPa 
for  the  zirconia-304  stainless  steel  FGM. 

The  FGM  systems  developed  in  this  program  have  a  wide  variety  of  potential  commercial  and 
government  applications  including  cutting  tools  and  other  components  requiring  wear  resistant 
surfaces,  aircraft  engine  and  automotive  engine  components,  light  and  heavy  armor  systems,  and 
electrical  insulators  and  heat-sinks  for  the  electronics  industry,  to  name  a  few. 


INTRODUCTION 

The  main  objective  of  this  study  was  to  utilize  current  novel  manufacturing  techniques  for  the 
fabrication  of  functionally  graded  materials  (FGMs).  FGMs  have  a  graded  transition  in 
composition  and  are  attractive  as  a  method  for  taking  advantage  of  the  properties  of  two  vastly 
different  materials  within  the  same  body.  FGMs  differ  from  coated  materials  or  conventional 
composites  in  that  they  are  microstructurally  inhomogeneous.  The  graded  composition  eliminates 
many  of  the  problems  associated  with  the  presence  of  discrete  interfaces  in  conventional 
composites  such  as  poor  mechanical  integrity  and  transport  losses  due  to  low  interfacial  adhesion. 
It  also  can  eliminate  problems  associated  with  thermal  expansion  mismatch  which  is  not  trivial  for 
most  high  temperature  applications.  The  use  of  slurry  formulations  combined  with  state-of-the-art 
freeform  fabrication  technologies  would  allow  potential  FGM  compositions  to  be  rapidly 
prototyped. 

Solid  freeform  fabrication  (SFF  -  also  known  as  'Rapid  Prototyping')  is  a  rapidly  developing 
technology  that  has  significant  commercial  potential  [1-4].  It  is  a  computer  controlled,  layer  by 
layer,  additive  process  where  the  desired  part  is  first  reduced  to  geometric  sections  through  the  use 
of  Computer  Aided  Design  (CAD)  software.  The  method  for  transferring  the  CAD  design  to  the 
fabrication  of  an  actual  component  is  quite  complex  and  dependent  on  the  SFF  technology  being 
utilized.  However,  the  fabrication  of  solid,  three-dimensional  objects  without  tooling  has  rapidly 
progressed  from  producing  simple  models  to  producing  complex  functional  prototypes.  Parts  can 
now  be  produced  in  a  number  of  materials  including  wax,  thermoplastics,  thermosets, 
photopolymers,  paper,  metals,  ceramics  and  glass  fiber  reinforced  composites. 

ACR  is  actively  involved  in  developing  its  own  Extrusion  Freeform  Fabrication  (EFF) 
technology  as  a  rapid  and  flexible  prototyping  and  manufacturing  process  [5,6].  Two  in-house 
systems  have  been  developed  which  successfully  freeform  CAD  designed  complex  parts  using 
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polymer  and  ceramic  engineering  materials  including  AI2O3,  ZrC>2,  Si3N4  and  SiC,  as  well  as 
PEEK  and  polycarbonate  thermoplastics.  The  technologies  are  also  amenable  to  processing 
composite  materials,  e.g.,  short  C  fiber  filled  PEEK.  The  next  technological  breakthrough  lies  m 
gaining  the  ability  to  rapidly  fabricate  FGMs  to  be  used  as  a  screening  process  for  evaluating 
potential  FGM  components.  When  a  successful  FGM  composition  is  found,  direct  application  of 
the  technologies  can  be  utilized  to  prototype  functional  three-dimensional  parts.  The  goal  of  this 
study  was  to  develop  a  rapid,  flexible,  and  precise  fabrication  method  for  producing  and  evaluating 
potential  FGMs.  Nine  different  ceramic-to-metal  graded  compositions  were  successfully  prepared 
during  this  study,  resulting  in  a  method  which  appears  promising  as  a  low-cost  high  pay-off 
approach  for  fabricating  and  screening  potential  FGMs. 


EXPERIMENTAL 

Development  of  Polymerizable  Slurries 

The  following  eight  ceramic-  or  metal-based  polymerizable  slurries  were  produced  during  this 
study:  A1203,  Zr02,  304  S.S.,  NiAl,  Inconel  625,  TiB2,  TiC  and  WC.  The  slurries  were 
prepared  by  ball  milling  the  respective  raw  powder(s)  into  two  different  acrylate  monomer 
vehicles.  The  compositions  of  the  two  liquid  vehicles  utilized  in  the  study  are  outlined  in  Table  1. 
Liquid  vehicle  #1  is  based  upon  'gel  casting'  formulations  similar  to  those  developed  by  Oak  Ridge 
National  Laboratory  for  injection  molding  [7,8].  Liquid  vehicle  #2,  developed  at  ACR,  was  found 
to  be  the  preferred  vehicle  for  all  of  the  starting  powders,  achieving  the  highest  solids  loadings 
with  the  shortest  milling  time.  Typical  solids  loadings  achieved  for  the  metal  and  ceramic  slurries 
were  in  the  range  of  44  to  58  vol.%.  The  rheological  properties  of  the  slurries  were  also 
characterized  using  a  Brookfield  Model  VIII  viscometer. 


TABLE  1.  Polymerizable  Liquid  Vehicles 


Liquid  Vehicle  No. 

Additive 

Liquid  Volume  % 

1 

DBE  (Dibasic  Esters) 

18.5 

Triton  X-100 

20.5 

HDODA 

55 

TMPTA 

6 

V 

Propylene  Carbonate 

61-63 

N,N'  -  dimethylacrylamide 

32.5 

Dispersant 

(various  -  see  Table  2) 

4.5  -  6.5 

1  All  slurries  formulated  with  liquid  vehicle  #2  also  contained  3  wt.%  N,N'-methylenebisacrylamide  with  respect  to 
N,N'-dimethylacrylamide  weight.  This  is  added  as  a  cross-linking  agent. 


The  curing  or  gelation  process  required  to  solidify  the  liquid  slurries  utilized  initiators  to  start 
the  free  radical  polymerization  of  the  monomers  contained  in  the  slurries.  Most  of  our  work  in  the 
past  has  relied  on  peroxide-based  initiators  such  as  benzoyl  peroxide  (BPO)  which  is  a  common 
free  radical  initiator.  BPO  proved  to  be  unstable  in  the  presence  of  the  transition  metal  powders 
used  in  this  study  and  was  believed  to  catalytically  decompose  and  prematurely  gel  the  metal  filled 
slurries  [9].  This  precluded  the  use  of  BPO  in  any  of  the  slurries  since  the  ceramic  slurries  would 
come  in  contact  with  the  metal  slurries  during  extrusion.  Consequently,  other  more  chemically 
stable  initiators  had  to  be  used.  It  was  found  through  extensive  testing  that  peroxyketal  and 
peroxycarbonates  had  greater  stability  than  BPO  in  the  presence  of  the  metal  powders.  In 
particular,  Lupersol  TBEC  (Elf  Atochem,  Philadelphia,  PA)  was  found  to  be  the  best  in  all  cases 
and  was  almost  completely  miscible  in  the  liquid  vehicle.  The  initiator  was  added  to  the  slurries 
(1.5  grams  per  100  ml  of  slurry)  just  prior  to  extrusion. 
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Fabrication  of  FGM  Billets 

The  next  step  involved  the  formation  of  'green'  billets  having  a  graded  composition  between 
various  ceramics  and  metals.  Nine  functionally  graded  billets  were  prepared  including:  AI2O3  to 
NiAl,  ZrC>2  to  NiAl,  AI2O3  to  304  S.S.,  ZrC>2  to  304  S.S.  FGM's,  AI2O3  to  Inconel  625,  ZrC>2  to 
Inconel  625,  WC  to  NiAl,  TiB2  to  NiAl,  and  TiC  to  Inconel  625.  In  order  to  produce  FGMs,  the 
EFF  machine  was  configured  with  dual  extrusion  cylinders  having  separate  slurry  reservoirs  for 
the  individual  ceramic  and  metal  slurries.  The  flow  of  the  individual  slurries  was  passed  through  a 
Y-block,  into  a  small  mixing  head  containing  an  in-line  static  mixer,  and  out  through  a  deposition 
needle.  The  extrusion  head  then  swept  out  the  designed  path  while  depositing  the  liquid  slurries  to 
build  up  the  3-dimensional  FGM  body.  The  desired  composition  at  each  point  was  controlled  in 
the  CAD  package  by  proportioning  the  rate  of  flow  from  the  two  extruders  utilizing  computer 
control.  All  of  the  FGM  billets  were  ~1  cm  thick  in  the  green  state  and  contained  4-6  graded 
layers  plus  two  layers  of  each  end  member. 

The  'green'  FGM  billets  were  subsequently  thermally  gelled  and  loaded  into  a  graphite  die 
lined  with  boron  nitride.  The  graphite  die  was  then  placed  into  a  binder  burn-out  furnace  and 
heated  at  ~l°C/min.  to  500°C  and  held  for  2  hours  in  a  flowing  nitrogen  atmosphere  in  order  to 
pyrolyze  the  organic  binder  in  the  billets.  The  billets  were  subsequently  induction  hot  pressed 
according  to  the  following  heating  schedule  and  the  hot  pressing  conditions  outlined  in  Table  2: 

1. )  Heat  at  20°C/min.  from  room  temperature  to  1 100°C 

2. )  Heat  at  10°C/min.  to  the  final  hot  pressing  temperature 

3. )  Apply  load  (25  MPa)  at  1000°C 

4. )  Remove  load  after  60  min.  at  final  hot  pressing  temperature 

5. )  Cut  furnace  power  for  cool  down  (~15°C/min.). 


Table  2.  Hot  Pressing  Condition  for  the  FGM  Billets 


FGM  Billet 

Hot  Pressing 
Temperature  (°C) 

Hold  Time  at 
Temp,  (min.) 

Atmosphere 

AI2O3-304  S.S. 

1250 

60 

800  torr  Ar 

ZrO2-304  S.S. 

1250 

60 

800  torr  Ar 

Al203-NiAl 

1350 

60 

800  torr  Ar 

Zr02-NiAl 

1350 

60 

800  torr  Ar 

Al203-Inconel  625 

1175 

60 

800  torr  Ar 

ZrC>2-Inconel  625 

1175 

60 

800  torr  Ar 

TiC  (Ni,Mo)Tnconel  625 

1175 

60 

800  torr  Ar 

TiB2  (Ni)-NiAl 

1350 

60 

800  torr  Ar 

WC  (Co)-NiAl 

1350 

60 

800  torr  Ar 

The  final  hot  pressing  temperatures  were  restricted  by  the  melting  points  of  the  individual 
metals  in  order  to  avoid  flow  of  the  metals  out  of  the  graphite  die  as  well  as  to  prevent  reactions 
with  the  graphite.  In  general ,  hot  pressing  was  accomplished  at  temperatures  200  degrees  below 
the  melting  temperature  of  the  metals.  Unfortunately,  this  had  the  potential  to  limit  the 
densification  of  the  ceramic  phases.  Zr02  is  known  to  hot  press  to  near  theoretical  density  at  low 
temperatures  (e.g.,  1250°C)  making  it  an  attractive  ceramic  constituent  for  these  particular  FGM 
compositions..  However,  AI2O3  does  not  densify  as  readily  at  these  low  temperatures  (typically 
requiring  >1450°C  hot  pressing  temperatures)  and  was  therefore  a  less  attractive  ceramic 
constituent  for  the  FGM  compositions  being  studied.  The  TiC,  TiB2,  and  WC  ceramics  required 
some  liquid  phase  sintering  aids  in  order  to  achieve  near  theoretical  densities  at  these  low  hot 
pressing  temperatures.  Since  these  ceramic  materials  have  been  extensively  studied  as  potential 
and  even  current  production  cutting  tool  materials,  a  survey  of  the  literature  revealed  a  variety  of 
metallic  additions  which  would  act  as  suitable  liquid  phase  sintering  additives  allowing  these 
ceramics  to  be  densified  in  the  range  of  1200  to  1400°C  [10-16].  It  was  decided  to  utilize  8  wt.% 
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Ni  +  2  wt.%  Mo  additions  for  the  TiC,  a  10  wt.%  Ni  addition  for  the  TiB2,  and  a  6  wt.%  Co 
addition  for  the  WC. 

Materials  Evaluation  . 

The  experimental  densities  for  the  FGM  billets  were  determined  utilizing  the  Archimedes 
density  method,  taking  the  average  of  three  samples.  Scanning  electron  microscopy  (SEM)  and 
energy  dispersive  spectroscopy  (EDS)  were  performed  at  the  University  of  Arizona  using  a  Hitachi 
2460N  electron  microscope  equipped  with  a  Noran  EDS  system  equipped  with  a  light  element 
window  and  a  silicon/lithium  detector.  Cross-sections  of  the  billets  were  cut  into  ~5  mm  x  5  mm 
squares,  mounted  in  epoxy,  and  polished  to  a  1  pm  diamond  finish  followed  by  a  brief  polish  with 
a  0.05  pm  SiC>2  slurry.  The  samples  were  then  coated  with  a  conductive  gold-palladium  coating 
and  observed  in  the  SEM  at  25  kV.  Preliminary  mechanical  property  evaluations  were  performed 
in  the  form  of  four-point  flexural  strength  measurements.  Flexure  bars  (~4  mm  wide  x  4  -  5  mm 
long  x  45  mm  long)  were  cut  and  ground  from  each  of  the  FGM  billets. 


RESULTS 


Development  of  Polymerizable  Slurries 

The  only  powder  which  presented  some  difficulties  in  working  with  and  producing  a 
workable  slurry  was  the  Inconel  625.  Using  liquid  vehicles  #1  and  #2,  slurry  formulations  were 
attempted  with  the  Inconel  powder  but  were  not  successful  in  the  first  several  trials.  The  Inconel 
had  a  tendency  to  settle  rapidly  and  not  remain  well  dispersed.  It  also  exhibited  a  strong  shear 
thinning  behavior  which  led  us  to  believe  that  the  surface  chemistry  of  this  particular  powder  was 
quite  complex  compared  to  the  other  powders.  We  eventually  solved  both  the  surface  chemistry 
and  settling  problems  by  utilizing  two  dispersants  simultaneously  and  a  360,000  molecular  weight 
polyvinylpyrrolidone  additive  as  a  thickening  agent,  respectively. 

All  of  the  ceramic  and  metal  slurries  were  found  to  exhibit  a  thixotropic  rheology  whereby  the 
apparent  slurry  viscosity  rapidly  decreased  with  increasing  shear  rate.  Thixotropic  rheology  is  a 
beneficial  characteristic  of  the  EFF  slurries  since  it  enables  low  pressure  extrusion  and  accurate 
deposition  of  the  freeformed  material  with  minimal  layer  spreading  once  the  slurry  is  deposited. 

As  an  example,  figure  1  below  depicts  the  typical  rheological  behavior  for  the  AI2O3  EFF 
slurry  developed  in  this  study.  From  the  plot  it  can  be  seen  that  the  slurry  is  highly  thixotropic 
such  that  a  fourfold  difference  in  apparent  slurry  viscosity  is  observed  at  high  versus  low  shear 
rates.  The  viscosity  plot  was  fit  to  the  Cross  rheological  model  [17]  and  an  expression  relating  this 
curve  fit  is  given  below: 

T|  =  7750?'°-715 

where  q  is  the  apparent  viscosity  and  j  is  the  shear  rate.  The  -0.715  exponent  in  the  expression 
signifies  that  the  fluid  is  strongly  shear  thinning  and  is  similar  to  values  observed  for  other  highly 
thixotropic  fluids  (i.e.  gel  toothpaste)  [18].  This  suggests  that  EFF  compatible  slurries  should 
typically  have  Cross  rheological  model  exponents  of  similar  value. 

Fabrication  of  FGM  Billets 

The  FGM  billets  typically  came  out  of  the  hot  press  with  a  slight  bow  to  them,  concave  on  the 
metal  side  and  convex  on  the  ceramic  side.  Despite  the  gradient  from  ceramic-to-metal  through  the 
thickness  of  the  billet,  the  pure  metal  side  of  the  billets  had  a  thermal  expansion  coefficient  2  to  3 
times  that  of  the  pure  ceramic  side.  In  effect,  the  metal  side  contracted  more  than  the  ceramic  side 
upon  cooling  instead  of  remaining  flat  and  placing  the  ceramic  into  compression,  therefore  the 
billets  would  warp  slightly.  This  placed  the  ceramic  side  of  the  billets  in  tension.  For  the  NiAl 
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Figure  1.  Apparent  viscosity  vs.  shear  stress  for  the  AI2O3  slurry. 

containing  FGM  billets,  the  cooling  stresses  led  to  cracks  on  the  ceramic  side  of  the  billets. 
However,  these  were  through-thickness  cracks  and  not  delamination  cracks.  For  the  ZrC>2-NiAl 
and  AI2O3-N1AI  billets  the  pure  ceramic  side  was  able  to  be  ground  away  without  propagating  the 
surface  cracks  and  flexural  bars  could  be  produced  for  mechanical  testing.  For  the  WC(Co)-NiAl 
and  the  TiB2(Ni)-NiAl  billets  the  cracks  had  already  propagated  through  the  billets  after  hot 
pressing,  leaving  pieces  too  small  for  the  fabrication  flexure  bars  but  large  enough  for  SEM 
analysis. 

Materials  Evaluation 

The  SEM  results  for  two  representative  FGM  billets  are  shown  in  Figures  2  and  3.  The 
majority  of  the  FGM  billets  did  not  show  any  intermixing  between  the  graded  layers  during  hot 
pressing.  The  only  exception  was  the  TiC(Ni,  Mo)-Inconel  625  billet  which  was  completely 
intermixed  after  hot  pressing  to  the  point  where  individual  graded  layers  were  impossible  to 
determine.  The  result  still  demonstrated  a  uniform  transition  between  ceramic  and  metal,  but  there 
remained  a  definite  segregation  of  the  end  members.  The  ZrC>2-304  S.S.,  Al2C>3-NiAl,  and  ZrC>2- 
Inconel  625  FGM  billets  contained  cracks  running  perpendicular  to  the  graded  layers  in  their 
ceramic  end  member.  We  believe  these  cracks  to  be  the  result  of  tensile  residual  stresses  generated 
during  the  cooling  cycle  after  hot  pressing. 

The  majority  of  the  FGM  billets  achieved  in  the  range  of  94-97%  of  their  theoretical  density 
with  the  AI2O3-304  S.S.  billet  being  the  lowest  at  87%  of  theoretical.  The  theoretical  densities 
were  based  on  50  vol.%  each  of  the  two  end  members  which  is  what  the  EFF  software  program 
was  designed  to  produce  during  extmsion.  The  experimental  density  data  for  the  FGM's  fits  well 
with  what  was  observed  in  the  SEM  and  the  hot  pressing  temperature  limits  imposed  on  the 
ceramic  phases.  For  the  most  part,  the  pure  metal  end  members  are  near  100%  of  their  theoretical 
density,  while  the  pure  ceramic  end  members  were  still  reasonably  dense  (84-94%)  despite  the  low 
hot  pressing  temperatures. 

For  most  of  the  FGMs,  the  low  ceramic  densities  coupled  with  a  tensile  residual  stress  state  on 
the  ceramic  side,  developed  during  cooling  from  the  hot  pressing  temperature,  led  to  low  strengths 
(typically  100-160  MPa)  when  the  four-point  bend  tests  were  performed  with  the  ceramic  side  as 
the  tensile  surface.  However,  when  the  metal  side  was  tested  as  the  tensile  surface,  the  strength 
values  always  increased.  In  fact,  for  the  ZrC>2-304  S.S.  and  AI2O3-3O4  S.S.  FGM  billets  the 
strengths,  -1000  and  780  MPa,  respectively,  were  higher  than  the  theoretical  strengths  of  most  of 
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Figure  2.  SEM  micrograph  of  a  cross-section  of  the  AI2O3-3O4  Stainless  Steel  FGM  billet,  a 
plot  demonstrating  its  composition  profile  (experimentally  vs.  theoretically  determined),  and  EDS 
spectra  from  the  end  members  of  the  FGM. 


Figure  3.  SEM  micrograph  of  a  cross-section  of  the  Al2C>3-Inconel  625  FGM  billet,  a  plot 
demonstrating  its  composition  profile  (experimentally  vs.  theoretically  determined),  and  EDS 
spectra  from  the  end  members  of  the  FGM. 

the  end  members.  Figures  4  shows  a  load-deflection  curve  for  the  ZrC>2-304  S.S.  FGM  system 
with  the  304  S.S.  in  tension.  The  ceramic  actually  spalled  off  the  compressive  side  of  the  bars 
prior  to  failure  during  many  of  the  flexure  tests.  When  the  flexure  bars  were  tested  with  the 


ceramic  side  in  tension,  the  crack  would  pop  in  on  the  tensile  side  of  the  bar  at  a  low  load  but 
would  then  be  deflected  several  times  by  the  ceramic-metal  graded  layers.  This  resulted  in  tests 
that  showed  materials  with  low  strengths  but  having  an  extremely  high  work-of-fracture.  In  the 
end,  the  bars  were  visibly  bent  and  cracked  but  remained  intact. 

The  remaining  FGM  compositions  were  linearly  elastic  to  failure,  although  the  Zr02-Inconel 
625  FGM  flexure  bars  showed  similar  behavior  to  the  ZrC>2-304  S.S.  bars  with  strengths 
approaching  400  MPa  for  the  metal  side.  The  FGM  billets  containing  NiAl  as  the  metal  side  all 
exhibited  low  strengths.  Polycrystalline  NiAl  is  known  to  be  a  brittle  metal  with  typical  tensile 
strengths  of  only  250  MPa  for  this  stoichiometric  composition. 


Crosshead  Displacement  (mm) 

Figure  4.  Load-deflection  curve  for  a  ZrC>2-304  S.S.  four-point  bend  test  bar  The  bar  was 
tested  with  the  304  S.S.  side  of  the  bar  in  tension  and  the  ZrC>2  side  in  compression. 


CONCLUSIONS 

This  study  demonstrated  that  extmsion  freeform  fabrication  (EFF)  is  a  versatile  method  for  the 
fabrication  of  functionally  graded  materials  (FGMs).  While  not  all  of  the  FGM  billets  turned  out  to 
be  crack-free  and  100%  dense,  there  were  some  very  promising  FGM  systems  with  intriguing 
mechanical  properties.  As  an  example,  the  ZrC>2-304  S.S.  system  achieved  -95%  of  its  theoretical 
density  and  yielded  strengths  greater  than  1000  MPa.  We  firmly  believe  that  careful  control  of  the 
hot-pressing  conditions  (slower  cooling  from  the  sintering  temperature)  and  some  lower 
temperature  sintering  aids  for  the  ceramic  phases  would  ultimately  result  in  crack-free  and  dense 
FGM  structures  for  most  of  the  rest  of  the  systems.  The  nine  different  ceramic-metal  FGMs 
produced  in  the  program  clearly  shows  the  technology  as  a  viable  method  for  both  screening  and 
producing  potential  FGM  systems  and  components. 
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Filament  Feed  Materials  for  Fused  Deposition  Processing  of  Ceramics  and  Metals 
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Fused  Deposition  of  Ceramics  (FDC)  and  Metals  (FDMet)  are  SFF  techniques,  based  on 
commercial  FDM™  technology,  for  fabrication  of  ceramic  and  metal  components.  The  FD 
processes  use  feed  material  in  the  form  of  filaments  which  require  certain  physical  and  mechanical 
properties.  FDC  and  FDMet  processes  employ  filaments  formed  from  ceramic  or  metal  powders 
mixed  with  thermoplastic  polymers.  The  thermoplastic  polymers  act  as  binder  during  the  FDC  and 
FDMet  processing  in  forming  a  green  part.  Development  of  green  ceramic  or  metal  filaments  for 
FDC  or  FDMet  processing  involves  three  critical  steps  :  selection  of  an  appropriate  binder 
chemistry,  appropriate  mixing  procedures  and  filament  fabrication  techniques.  This  study 
describes  the  properties  required  for  filaments  for  successful  FD  processing  and  the  approach  taken 
in  the  development  of  a  series  of  binder  which  meets  these  requisite  properties  for  a  wide  range  of 
ceramics  and  metals.  Appropriate  mixing  and  filament  forming  techniques  are  also  discussed. 

I.  Introduction 

Most  of  the  SFF  techniques  for  fabrication  of  ceramic  and  metal  parts  employ  polymeric 
binder  systems  to  bond  the  ceramic  or  metal  particles  together  in  forming  a  green  part  [1].  The 
green  part  is  then  processed  to  remove  the  binder  from  the  part  and  then  sintered  or  infiltrated  with 
a  lower  melting  second  phase  [1].  However,  fabrication  of  green  ceramic  or  metal  parts  by  various 
SFF  techniques  have  been  far  from  trivial.  First,  effort  is  required  in  developing  the  proper  binder 
chemistry  to  allow  SFF  processing.  In  addition,  effort  may  be  needed  in  developing  suitable 
dispersants  for  the  specific  particulate  system  and  the  binder  chemistry.  Once  an  appropriate 
binder  chemistry  and  dispersant  have  been  selected,  the  ceramic  or  metal  powder  systems  are 
processed  with  the  binder  and  dispersant  to  form  the  feedstock  in  a  suitable  physical  form 
(powder,  sheets,  filaments)  for  specific  SFF  processing  [1], 

Each  SFF  technique  requires  feedstock  materials  with  certain  physical  and  mechanical 
properties.  Poor  selection  of  binder  chemistry,  dispersant,  and  poor  processing  of  the  feedstock 
can  lead  to  unsuccessful  SFF  processing.  This  study  describes  the  development  of  green  ceramic 
and  metal  filament  feedstocks  for  successful  processing  by  Fused  Deposition  of  Ceramics  (FDC) 
and  Metals  (FDMet).  FDC  and  FDMet  are  SFF  techniques,  based  on  commercial  FDM™ 
technology,  which  are  being  developed  for  a  wide  range  of  ceramics  and  metals  to  produce 
complex  shaped  ceramic  and  metal  parts  with  functional  properties  [2-5].  This  study  discusses  the 
various  physical  and  mechanical  properties  required  in  the  filament  feedstock  for  successful  FD 
processing.  The  study  also  describes  the  development  of  a  binder  system  and  the  filament 
fabrication  procedures  employed  for  various  ceramic  and  metal  systems. 

H.  Filament  Feedstock  Characteristics  for  FD  Processing 

The  commercial  FDM™  systems  fabricate  wax  and  polymer  parts  using  continuous 
spooled  filaments  as  the  feed  material.  The  filament  is  fed  through  a  position-controlled  heated 
liquefier  head  which  deposits  molten  material  in  precise  locations  [6,7].  For  the  filament  to  be 
successfully  fed  into  the  liquefier  and  extruded  in  molten  form  out  of  a  nozzle,  the  filament  must 
have  certain  properties.  The  filament,  which  is  fed  into  the  liquefier  head  by  a  pair  of  counter¬ 
rotating  rollers,  not  only  acts  as  the  feed  material,  but  also  serves  as  an  efficient  piston  for 
extrusion.  Therefore,  for  a  certain  material  viscosity  the  filament  must  have  sufficient  stiffness  and 
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strength  for  extrusion,  or  else  the  filament  will  buckle  or  break  after  passing  through  the  rollers  mid 
not  be  successful  in  extruding  material  [5,7].  Hence,  necessary,  but  not  sufficient,  conditions  for 
successful  FD  processing  are  low  viscosity  and  high  stiffness.  In  addition,  the  material  must  have 
good  adhesive  behavior  for  bonding  between  adjacent  roads  and  layers  of  deposited  material  [5,7]. 

Although  filaments  with  low  viscosity,  high  stiffness,  and  good  adhesion  characteristics 
are  sufficient  to  establish  FD  processing  feasibility,  for  complete  process  optimization  and 
automation,  the  filament  feedstock  must  also  posses  high  flexural  modulus  and  flexural  strength 
[5,7],  High  flexural  modulus  and  strength  are  needed  to  enable  continuous  spooling  of  the 
filaments  onto  a  spool  to  provide  continuous  feedstock  supply  for  the  FDM™  system.  These 
properties  are  also  necessary  to  allow  continuous  un-spooling  of  the  filament  from  the  spool  for 
uninterrupted  feeding  (without  breaking  of  the  filaments)  of  the  liquefier  during  fabrication. 

FDC  and  FDMet  processing,  using  commercial  FDM™  systems,  require  development  of 
powder/binder  filament  feedstocks  with  the  above  mentioned  properties,  namely,  low  viscosity, 
high  stiffness,  good  adhesion  behavior,  high  flexural  modulus  and  strength.  'Hus  is  done  through 
binder  development  and  selection  of  dispersant.  In  addition  to  these  constraints,  development  of 
binder(s)  and  dispersant  for  FDC  or  FDMet  must  also  address  issues  commonly  relevant  to  all 
green  forming  techniques.  The  binder  and  dispersant  have  as  high  a  solids  loading  as  possible 
(>50  volume%),  have  good  dispersion  behavior,  and  must  leave  no  residue  after  binder  removal. 

III.  Binders  for  FDC  and  FDMet 

The  binders  for  green  forming  techniques  typically  consist  of  many  components;  each 
added  for  a  specific  role  in  the  final  mix.  In  this  study  a  four  component  binder  system  has  been 
developed  for  FDC  and  FDMet  processing.  As  shown  in  Table  I,  each  of  these  components  plays 
a  specific  role  in  the  final  formulation.  Table  I  also  shows  the  temperature  range  at  which  each  of 
these  components  volatilize  during  binder  removal.  The  amount  of  each  component  in  the 
formulation  used  for  FDC  or  FDMet  is  varied  to  tailor  the  properties  needed  to  allow  successful  FD 
processing  of  specific  ceramic  or  metal  system.  The  weight  percent  of  each  of  these  components 
varied  in  this  study  for  FDC/FDMet  is  also  shown  in  Table  I.  This  binder  system  is  designated 
RUx  (x  is  the  identification  number  of  a  particular  binder  formulation  under  consideration)  [5], 

The  particulate  systems  studied  for  FDC  and  FDMet  processing  to  date  include  silicon 
nitride,  silica,  lead  zirconium  titanate  (PZT),  stainless  steel,  and  tungsten  carbide-cobalt.  Initial 
feasibility  studies  for  each  of  these  particulate  systems  were  done  by  using  the  RU1  binder 
formulation  which  contains  30%  wax,  35%  polymer,  15%  tackifier,  and  20%  elastomer  by 
weight.  50  to  65  volume  %  powders  were  mixed  the  RU1  binder  and  fabricated  into  filaments  for 
FD  feasibility  studies.  In  addition,  viscosity  measurements  were  made  on  the  mixed  feedstock. 
Based  on  the  viscosity  behavior  and  FD  feasibility  studies,  the  binder  formulation  were  further 
optimized.  Also,  dispersants  were  selected  and  used  for  certain  particulate  systems  to  facilitate  FD 
processing.  Depending  on  the  study  done  with  each  particulate  system,  the  binder  formulation 
development  and  dispersant  selection  was  either  limited  to  developing  filaments  which  are  FD 
process  worthy  but  not  flexible  or  was  developed  to  produce  FD  process  worthy  and  continuous 
and  flexible  filaments.  Table  II  shows  the  different  RU  binder  formulations  used  successfully  for 
FDC  and  FDMet  processing  of  various  materials.  The  Table  also  shows  the  amount  of  powder 
used  for  FD  processing  of  each  system  and  the  nature  of  the  filament  feedstock  thus  produced. 

Binder  and  Dispersant  Development  for  FDC  of  Silicon  Nitride 

Most  significant  FD  process  development  to  date  has  been  done  with  Si3N4  [3-5]. 
Although  initial  FDC  trials  of  60  volume  %  SyN4  with  RU  1  binder  formulation  were  successful, 
the  filaments  were  rigid  and  not  flexible  enough  to  enable  spooling  for  continuous  and  automated 
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FDC  processing.  To  facilitate  continuous  and  automated  FDC  processing  of  SyNzj,  the  RU  binder 
was  tailored  and  optimized  by  a  linear  Design  of  Experiments  (DoE)  [5].  Nine  different  RU 
formulations  with  a  wide  range  of  wax.  polymer,  taddfier,  and  elastomer  contents  were  used. 
Viscosity  measurements  were  made  on  each  of  these  compositions  as  a  function  of  temperature  and 
shear  rate  to  get  the  viscosity  response  as  a  function  of  each  of  the  components.  Similarly,  glass 
transition  temperatures  (Tg)  were  measured  for  each  formulation  using  Differential  Scanning 
Calorimetry.  Tg  is  commonly  used  as  an  indicator  of  the  flexibility  of  the  material.  The  data  from 
the  DoE  was  analyzed  to  determine  the  effects  of  the  various  components  on  flexibility  and 
viscosity.  Using  a  linear  representations  of  the  response. 

Response  =  Co  +  Qi  [tackifier]  +  C2  [elastomer]  +  C3  [polymer]  +  C4  [wax] 

the  coefficients  (Co  -C4)  for  the  effect  of  each  component  on  viscosity  and  flexibility  were 
calculated  [5].  From  this  linear  DoE  study,  the  following  conclusions  were  drawn: 

•  The  tackifier  and  elastomer  improve  flexibility  and  the  wax  adversely  affects  the  flexibility. 

•  Elastomer  increases  the  viscosity  and  the  wax  lowers  the  viscosity. 

Based  on  the  results  of  DoE,  the  binder  system  RU9  was  developed.  RU9  formulation 
contains  20%  wax,  19%  polymer,  35%  tackifier,  and  26%  elastomer  by  weight.  In  addition  to 
developing  RU9  binder  formulation,  a  suitable  dispersant  was  also  selected.  Selection  of  oleyl 
alcohol  as  dispersant  was  done  by  a  screening  process  from  among  several  commonly  used 
dispersants  for  ceramics,  especially  silicon  nitride  [5].  The  screening  of  dispersants  was  done  by 
measuring  the  viscosity  of  30  volume  %  Si3N4  loaded  RU  binder  suspensions.  For  the  dispersant 
screening  experiments,  the  powder  was  pre-treated  with  varying  amounts  of  different  dispersants, 
prior  to  mixing  in  RU  binder.  Based  on  these  screening  experiments  by  measuring  viscosity,  as 
shown  in  Figure  1,  3  weight  %  oleyl  alcohol,  which  exhibits  the  greatest  decrease  in  the  viscosity, 
was  determined  to  be  a  suitable  dispersant  [5,8].  Hence,  the  SyN4  powders  used  in  the  study 
were  pre-treated  with  3  weight  %  oleyl  alcohol,  prior  to  mixing  with  the  RU9  binder  formulation. 
As  shown  in  Figure  2,  filaments  fabricated  from  green  feedstocks,  containing  45%  RU9  binder 
and  55%  Si3N4  powder  by  volume,  pre-treated  with  3  weight  %  oleyl  alcohol,  were  flexible, 
continuous  and  easily  wound  onto  a  spool  for  successful  FDC  processing.  Although  the  viscosity 
of  Si3N4  FDC  formulations  were  considerably  higher  than  that  of  an  FDM™  material,  investment 
casting  wax,  Figure  3,  FDC  processing  of  these  materials  was  equally  successful. 

Binder  Development  for  FDC  and  FDMet  of  Other  Materials 

As  indicated  in  Table  II,  binders  for  other  material  systems  (silica,  PZT,  stainless  steel,  and 
tungsten  carbide-cobalt)  have  not  been  optimized  to  result  in  continuous  and  flexible  filaments. 
The  binders  for  these  materials  were  developed  with  appropriate  viscosity  to  allow  successful  FD 
processing  using  small  pieces  (6”- 12"  in  length)  of  stiff  and  rigid  filaments,  Figure  4.  FDC  and 
FDMet  processing  of  65  volume  %  silica  and  60  volume  %  stainless  steel  was  feasible  with  the 
RU1  binder  without  the  use  of  any  dispersant.  However,  the  RU1  binder  was  tailored  and 
developed  to  allow  FD  processing  of  PZT  and  WC-Co.  Initial  FD  analysis  of  50  to  55  volume  % 
PZT  and  WC-Co  with  RU1  binder  indicated  viscosity  levels  much  higher  than  permissible  for 
successful  FD  processing.  Therefore,  suitable  dispersants  have  been  selected  for  PZT  and  WC-Co 
to  lower  the  viscosity  of  50  volume  %  powder  in  RU1  binder  composition.  Figure  5  shows  such  a 
lowering  of  viscosity  of  50  volume  %  WC-Co  when  pre-treated  with  1  weight  %  dispersant.  Use 
of  appropriate  dispersants  for  PZT  and  WC-Co  have  enabled  successful  FD  processing  with  50 
volume%  loading  in  RU1  binder,  although  the  filaments  remain  rigid.  As  was  done  for  silicon 
nitride,  it  is  expected  that  appropriate  dispersant  selection  and  RU  binder  optimization  would  result 
in  continuous  and  flexible  FD  process  worthy  filaments  for  these  materials  and  for  other  ceramic  or 
metal  systems. 
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IV.  Compounding  of  Ceramic  or  Metal  Powders  with  Binders 

Once  the  powder,  binder  and  dispersants  have  been  selected  for  the  FDC/FDMet  process, 
the  next  concern  is  homogeneous  mixing  of  these  ingredients.  Mixing  or  compounding  is  crucial, 
since  deficiencies  in  the  quality  of  mixed  feedstock  can  not  be  corrected  by  subsequent  processing 
adjustments.  Failure  to  deagglomerate  and  evenly  distribute  the  powder  at  this  stage  will  result  in 
downline  defects  in  both  FDC  fabrication  and  post-processing  operations.  Various  techniques, 
such  as,  measurement  of  mixing  torque  or  energy,  shear  modulus,  viscosity,  etc.  are  used  to 
assess  the  quality  of  mix  and  to  ensure  consistent  and  repeatable  compounding  from  batch  to  batch. 

Both  heat  and  shear  are  required  for  efficient  compounding  of  RU-type  thermoplastic 
binders  and  the  ceramic  or  metal  powders.  Therefore,  torque  rheometer  mixing  was  selected  as  the 
method  for  compounding  FDC/FDMet  feedstocks.  Torque  rheometer  mixing  also  measures  the 
torque  of  mixing  which  is  used  in  assessing  the  quality  of  mix.  When  dry  powder  is  first  added  to 
the  molten  binder,  a  high  torque  value  is  recorded  due  to  entrapment  of  the  binder  between  and  in 
the  powder  agglomerates.  As  the  agglomerates  break  down  by  the  shearing  action  of  the  blades, 
the  immobilized  entrapped  liquid  binder  is  released  and  hence  the  torque  goes  down  to  a  constant 
level  and  stabilizes.  The  stabilized  torque  is  detemiined  by  the  solids  loading,  temperature  of 
mixing,  speed  of  mixing,  and  the  dispersing  qualities  of  the  binder.  Any  change  in  mixer  speed 
(shear  rate)  and  temperature  will  cause  the  torque  to  change  since  the  system  viscosity ,  and  hence 
the  torque,  are  shear  rate  and  temperature  dependent. 

Experimental  Procedure  and  Results  for  Compounding: 

In  this  study,  the  compounding  procedure  for  incorporating  ceramic  or  metal  powder  into 
the  binder  system  involves  the  use  of  Haake  Rheocord  torque  rheometer  [9].  The  torque  rheometer 

is  fitted  with  batch  mixing  bowls  of  capacities  50  cm^  and  250  cm^ ,  with  Z-blades  to  provide  shear 
mixing.  The  maximum  blade  speed  of  the  mixers  is  150  ipm  and  the  maximum  temperature 
capability  is  200°C.  The  mixing  bowls  are  double  walled  with  three  independently  heated  zones. 
The  middle  zone  is  both  air  cooled  and  heated  to  maintain  precise  temperature  control  and  prevent 
overheating  due  to  heat  dissipation  during  shear  mixing.  The  temperature  of  mixing  was 
determined  by  the  viscosity  of  the  system  being  compounded.  The  viscosity  of  the  system  being 
compounded  determines  the  shear  stresses  generated,  which  in  turn  determine  how  effectively  the 
agglomerates  are  broken  and  the  particle  system  is  dispersed.  However,  while  generating  high 
shear  stresses  to  effectively  break  up  agglomerates,  care  was  taken  not  to  exceed  the  torque  limits 
of  the  mixer.  Therefore,  the  temperature  of  mixing  used  for  a  specific  system  was  dependent  on 
the  viscosity  of  the  system.  Higher  temperatures  (100-120’C)  were  used  for  systems  with  high 
viscosities  and  lower  temperatures  (70-90°  C)  were  used  for  systems  with  low  viscosities  [5]. 

The  required  amount  of  binder  is  weighed  and  added  to  the  mixer  and  allowed  to  melt 
completely.  Once  molten,  dry  powder  is  added  in  measured  increments  of  5-40  grams,  depending 
on  the  viscosity  of  the  binder  system.  After  each  addition,  the  torque  of  the  system  increases 
instantaneously  and  then  slowly  decreases  and  stabilizes  over  a  period  of  few  minutes.  The  next 
incremental  amount  is  added  after  the  steady  state  torque  is  reached.  The  process  is  continued  until 
a  desirable  powder  loading  is  achieved,  after  which  mixing  is  continued  for  a  fixed  period  of  time 
(1-2  hours).  The  incremental  amount  of  powder  additions  is  decreased  at  high  volume  fractions 
(>45%).  The  rotor  speed  is  kept  at  100  ipm  throughout  the  process.  Figure  6  shows  the  spikes  in 
torque  values  for  each  incremental  addition  of  silicon  nitride  powder  in  the  RU1  binder  and 
subsequent  torque  stabilization  and  the  final  stabilized  torque  for  one  hour  of  mixing.  The  quality 
of  mix  from  batch-to-batch  of  a  particular  formulation  was  constant  as  indicated  by  reproducible 
viscosity  measurements  made  on  different  batches  after  compounding  [5].  The  compounded 
powder/binder  system  is  removed  from  the  mixer,  cooled  to  room  temperature,  granulated  and 
sieved  to  >lmm  size  for  feedstock  for  subsequent  viscosity  measurement  and  filament  fabrication. 
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V.  Filament  Fabrication 


After  compounding,  the  next  step  in  preparing  the  feed  material  for  FDC  or  FDMet  process 
is  to  fabricate  filaments  of  nominal  diameter  0.070".  The  control  software  for  the  RDM™  system 
sets  the  roller  speed,  and  hence  the  flow  rate,  for  a  given  set  of  build  conditions  (road  width,  slice 
thickness  and  liquefier  head  speed)  based  on  the  assumption  that  the  feed  filaments  are  0.070"  in 
diameter.  If  the  filament  diameter  is  less  than  0.070"  then  the  flow  rate  is  less  than  desirable, 
creating  roads  with  smaller  widths  and  thickness.  Such  underflow  results  in  poor  bonding 
between  adjacent  roads  and  layers  or  creates  voids  between  adjacent  roads  and  layers.  If  the 
filament  diameter  is  much  greater  than  0.070"  then  either  the  filament  is  not  fed  into  the  liquefier, 
which  typically  has  an  opening  of  0.073",  or  it  may  cause  overflow  resulting  in  poor  definition  of 
fine  features  in  the  part.  Therefore,  it  is  important  to  fabricate  filaments  for  FD  processing  with 
very  controlled  diameter  (0.070"  ±  0.001").  It  is  also  important  that  the  filaments  maintain  a 
circular  cross-sectional  geometry  to  be  appropriately  gripped  and  fed  by  the  rollers.  In  dealing 
with  ceramic  or  metal  loaded  filaments,  it  is  also  important  to  ensure  homogeneous  distribution  of 
the  binder  and  particle  phases  in  the  filaments  with  no  density  gradients  and  porosity. 

In  this  study,  filaments  for  FDC/FDMet  processing  were  fabricated  by  two  different 
techniques  -  capillary  extrusion  and  single  screw  extrusion.  Small  quantities  of  straight,  rigid 
filaments  for  FD  trials  were  fabricated  using  an  Instron  capillary  rheometer  as  a  piston  extrusion 
device.  The  capillary  rheometer  barrel  and  plunger  are  mounted  on  an  Instron  mechanical  test 
frame.  The  barrel  was  heated  to  60°  C  to  120°C,  depending  on  the  material  under  consideration, 
and  filled  with  compounded  and  granulated  green  ceramic  or  metal  feedstock.  Extrusion  was  done 
by  moving  the  plunger  through  the  barrel  at  a  constant  speed  of  1  mm/minute.  A  capillary  die  of 
0.070"  was  used  to  produce  6"-12"  length  segments  of  the  filaments  with  a  diameter  of  0.070"  ± 
0.002".  The  filaments  used  in  this  study  for  FDC  and  FDMet  processing  of  SiC>2,  PZT,  WC-Co, 
and  stainless  steel  were  fabricated  using  the  capillary  rheometer  approach. 

Optimized  feedstock  formulations,  such  as  55  volume%  silicon  nitride  (pre- treated  with  3% 
oleyl  alcohol)  in  RU9  binder  formulation,  were  used  to  fabricate  continuous  and  flexible  filaments 
using  a  continuous  single  screw  extrusion  process.  A  Haake  single  screw  extruder  with  a  1" 
diameter  screw  and  L/D  ratio  of  20:1  was  used  [8].  The  Haake  torque  rheometer  drive  unit,  used 
for  compounding  feedstock,  was  used  for  driving  the  extruder  also  [8].  Compounded  green 
feedstock  material  of  particles  size  in  the  range  of  1.4  mm  to  4.0  mm  were  used  as  the  feed  material 
for  extrusion  through  a  die  of  0.075"  diameter  attached  to  the  extruder.  Extrusion  was  done  at  a 
screw  speed  of  10  RPM  and  the  temperature  was  controlled  in  four  different  zones  along  the  length 
of  the  screw  and  baiTel.  Typically,  the  temperatures  in  the  feed  zone  and  the  die  region  were  kept 
low  at  50°C  and  65°C,  respectively.  The  temperatures  in  the  mid-section  of  the  screw  length  were 
kept  at  75°-100°C.  As  the  filament  was  extruded,  it  directly  passed  onto  a  moving  conveyor.  The 
conveyor  speed  was  adjusted  and  set  to  produce  controlled  drawing  of  the  filaments  into  final 
diameter  of  0.070"  ±  0.002"  as  it  is  extruded  through  a  die  of  0.075".  From  the  conveyor,  the 
filament  passes  through  an  on-line  diameter  measuring  device,  LaserMike,  which  continuously 
records  the  diameter  of  the  filament.  The  continuously  extruding  filament,  after  passing  through 
the  LaserMike,  were  wound  onto  spools  using  an  automatic  winder.  The  spools  used  for  winding 
the  filaments  are  similar  to  those  used  in  commercial  FDM™  systems,  shown  earlier  in  Figure  3. 

The  diameters  of  filaments  fabricated  by  single  screw  extrusion  as  well  as  capillary 
extrusion  were  consistently  in  the  range  of  0.070"  ±  0.002".  Effort  is  being  made  to  further 
enhance  the  diameter  uniformity  to  0.070"  ±  0.0005"  by  employing  pressure  control  devices,  such 
as  a  metering  pump,  in  the  single  screw  extrusion  process  line.  The  density  measurements  made 
on  randomly  chosen  segments  of  filaments  using  He  pycnometry  consistently  indicated  100% 
theoretical  density  of  the  mixed  feedstock,  suggesting  no  porosity  or  density  gradients  along  the 


455 


lengths  of  the  filaments.  As  shown  in  Figure  7,  the  microstructure  of  the  cross-section  of  the 
green  filaments  exhibited  uniform  and  homogeneous  mixing  with  no  phase  separation. 

VI.  Conclusions 

This  study  describes  the  various  physical,  thermal,  and  mechanical  properties  required  in 
the  filament  feedstock  for  successful  FDC  and  FDMet  processing  of  ceramics  and  metals  using 
commercial  FDM™  systems.  A  unique  binder  series,  designated  as  RU  binders,  for  FDC  and 
FDMet  processing  has  been  developed  and  successfully  applied  to  a  wide  range  of  ceramic  and 
metal  systems.  It  has  been  shown  that  through  optimization  of  the  RU  binder  system  and 
appropriate  selection  of  dispersant  for  a  specific  particulate  system,  automated  FDC  and  FDMet 
processing  of  many  particulate  ceramic,  metal,  and  composite  system  is  feasible..  Appropriate 
green  feedstock  compounding  and  filament  fabrication  procedures  for  FD  processing  have  been 
established.  Green  feed  filaments  with  controlled  diameter  and  material  homogeneity  have  been 
successfully  fabricated  and  used  for  FDC/FDMet  processing. 
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TABLE  I 

Binder  Components  in  the  RU  Series  of  Binders 


Binder 

Component 

Weight  % 
Range 

Component's  Role 

Thermal  Degradation 
Temperature  Range 

Polymer 

10-45 

Acts  as  a  backbone 

100- 510  °C 

Elastomer 

30  -  65 

Imparts  flexibility 

275  -  500  °C 

Wax 

15-50 

Viscosity  modulator 

200  -  500  °C 

Tackifier 

10-40 

Promotes  adhesion 

190  -  475  °C 
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Table  II 

Binder  Systems  for  FDC  and  FDMet 
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Abstract 

In  a  Selective  Laser  Sintering  (SLS)  powder  bed,  thermal  transfer  occurs  through  multiple  modes. 
Forced  convection  through  the  powder,  or  downdraft,  has  recently  been  implemented  in  SLS  ma¬ 
chines  in  an  effort  to  enhance  thermal  transfer  within  the  powder  bed.  In  this  paper,  forced  convec¬ 
tion  is  analytically  shown  to  be  a  significant  thermal  transfer  mode  for  low  porosities,  such  as  seen 
in  SLS  powder  beds.  A  polymeric  powder  bed  subjected  to  downdraft  is  investigated  with  the  goal 
of  quantitatively  determining  thermal  behavior.  A  numerical  model  describing  heat  transfer  within 
a  powder  is  presented.  The  design  and  construction  of  an  experimental  apparatus  to  measure  the 
temperature  profiles  within  a  powder  subjected  to  forced  convection  is  described.  Using  the  infor¬ 
mation  gained  in  these  experiments,  it  may  be  possible  to  better  control  the  thermal  environment 
of  SLS  powder  beds,  reducing  growth  and  internal  stress  build-up. 


N  omenclat  ure 


cpf  =  specific  heat,  fluid  (J/kg  K)  "  — 

g  =  gravitational  acceleration  (m/s2) 

K  =  permeability  (m2) 

keff  =  effective  thermal  conductivity  of  powder  (W/mK) 
kj  =  thermal  conductivity  of  fluid  (W/mK) 

p  =  pressure  (Pa) 

T  =  absolute  temperature  (K) 

Tc  =  cold  temperature  (K) 

t  =  time  (seconds) 

v  —  x  and  y  velocity  components  (m/s) 
wd,  vjd  =  Darcian  x  and  y  velocity  components  (m/s) 
y  =  horizontal  and  vertical  coordinate  (m) 

/3  =  coefficient  of  thermal  expansion  (K-1) 

4>  =  volume-averaged  porosity 

/ie//  =  effective  (in-powder)  fluid  viscosity  (Ns/m2) 

li  =  fluid  viscosity  (Ns/m2) 

£ _ —  density  of  fluid  phase  (kg/m3)  _ 


Introduction 

Selective  Laser  Sintering  (SLS)  is  one  of  the  many  Rapid  Prototyping  methods  currently  avail¬ 
able  today.  In  SLS,  a  part  is  layer-wise  formed  by  laser-melting  a  loose  powder.  Such  a  process 
is  inherently  dominated  by  thermal  processes,  both  between  the  laser  and  powder  and  within  the 
powder  bed. 
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Typical  gas-saturated,  polymeric  powder  beds  complicate  control  of  the  thermal  environment 
by  being  excellent  thermal  insulators  due  to  the  low  thermal  conductivity  of  both  the  polymer  and 
saturating  gas.  Thermal  control  of  the  powder  bed  is  critical  to  prevent  unwanted  effects  such 
as  part  growth  and  warping.  Many  methods,  such  as  radiative  surface  heaters  and  resistive  wall 
heaters,  have  been  attempted  to  achieve  fine,  rapid  control  over  the  thermal  state  of  a  powder  bed. 

Another  method,  shown  to  have  at  least  a  qualitative  effect  on  part  quality,  is  forced  convection 
through  a  powder.  In  current  commercial  SLS  systems,  a  pressure  drop  is  created  below  the  powder 
bed  to  induce  gas  flow.  Radiative  heaters  are  used  to  heat  the  upper  surface  of  the  powder  bed.  In 
theory,  gas  then  flows  through  this  upper  portion  of  the  powder  bed  where  the  gas  is  heated.  The 
gas  then  flows  through  the  remaining  portion  of  the  powder  bed,  carrying  thermal  energy  to  the 
remainder  of  the  powder. 

The  goal  of  this  work  is  to  create  a  numerical  model  describing  forced  convection  within  a 
powder.  Once  such  a  model  is  obtained,  experiments  will  be  performed  for  model  validation. 


Numerical  Model 

The  two-dimensional  arrangements  depicted  in  Figure  1,  display  the  computational  domains 
considered.  Figure  1(a)  is  the  domain  for  a  pure  conduction  simulation,  whereas  Figure  1(b)  is  the 
domain  for  a  forced  convection  simulation,  both  with  and  without  buoyant  forces. 


(a) 


0.075m 

(3") 


Inlet 


t 

0.31m  (12") 


Powder 

Bed 


0.25m  (10”) 


Outlet 


0.62m  (24.5") 


£ 


(b) 

Figure  1:  Computational  domains. 

In  this  simulation,  heated  air,  assumed  to  be  slug  flow,  enters  the  top  of  the  inlet.  The  heated 
air  then  passes  through  the  powder  bed,  leaving  the  system  via  the  outlet.  An  analytical  model  is 
created  to  describe  heat  transfer  in  this  system.  The  governing  equations  for  the  pure  fluid  and  the 
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saturated  porous  medium  are  given  separately.  In  writing  the  following  equations,  it  is  assumed 
that  fluid  flow  is  laminar,  steady,  incompressible,  and  two-dimensional. 

For  the  pure  fluid  region,  the  two-dimensional,  steady  state  Navier-Stokes  equations  are  used  [4], 
Conservation  of  mass  is  given  by, 

du  dv 

fc  +  ^  =  0-  M 

Conservation  of  momentum  within  the  pure  fluid  is  described  by, 


(  du  du 

f‘[UTx+VTy 


.§P.± 

dx  dx 


dy  \  dyj  ’ 


(  du  du 

PVTx+VTy 


dp  d  f 
~  ~»7.  +  aZ\ti/ 


\  dx  dyj  dy  dx 
Conservation  of  energy  is  expressed  as, 


+  d^\Pfd^)+p9l3{T~Tc)- 


(  dT  dT 


dy\Jdy 


It  is  important  to  note  that  the  thermophysical  properties  of  the  pure  fluid  are  assumed  constant. 
The  exception  is  during  buoyant  simulations,  where  a  Boussinesq  approximation  of  fluid  densitv, 
in  which  density  varies  with  temperature,  is  used. 

For  a  fluid-saturated  porous  medium,  the  volumetrically-averaged  laminar,  inviscid,  isothermal 
fluid  flow  is  approximately  described  by  the  Darcy  equation  [1], 

A  p  yf 

A ~y=KV  (5) 

To  account  for  non-isothermal  fluid  flow,  a  Brinkman-Forchheimer  extended  version  of  the  Darcy 
model  is  used  [2,5].  Within  the  saturated  powder  Darcian,  or  volumetrically-averaged,  velocities 
are  used.  Conservation  of  mass  within  the  saturated  powder  is  then  given  bv, 

duD  t  dvD  n 

"^■+_^_==0-  (6) 


Conservation  of  momentum  is  given  by, 


o  =  -^  +  A 

dx  dx 


d  /  duo 

+  6y 


(k  +  VX1”®1)  UD' 


n  -  -L  —  f  dv£ 
dy  dx  v  ^  dx 


’)  +P90(T-Te)~  {^■  +  -^\uD\SjvD.  (8) 


Equations  (7)  and  (8)  include  the  Brinkman  extension  (second  and  third  terms)  and  the  Forchheimer 
extension  (the  last  term)  to  account  for  viscous  and  inertial  effects,  respectively. 

Conservation  of  energy  is  described  by, 

(  dT  9T\  d  /  dT\  d  (  dT\ 

pCp/  +  vo-^)  =  Tx  (*.„^)  +  Ty  (*.//¥)  (9) 

All  thermophysical  properties  are  again  assumed  constant,  except  for  a  Boussinesq  densitv 
approximation  in  buoyant  simulations.  In  Equations  (7)  and  (8),  pefJ  =  pf,  which  has  been 
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previously  seen  to  agree  well  with  experimental  data  [8].  It  is  important  to  note  that  Equations  (6) 
through  (8)  neglect  any  radiation  heat  transfer  between  the  fluid  and  powder  or  within  the  powder 
itself. 

The  term  kejf  in  Equation  (9)  is  the  effective  thermal  conductivity  of  the  fluid-saturated  powder 
bed.  Though  many  expressions  are  available  for  kejj  [6,7,9,10],  a  simple  weighted  average, 

keff  =  4>kj  +  (1  -  <t>)ks.  (10) 


is  used.  The  C  term  in  equations  (7)  and  (8)  is  the  inertia  coefficient  given  as  [3], 

c  =  -HLr3''2. 

^/^75 


(11) 


The  above  analytical  model  is  numerically  solved  for  the  two-dimensional,  steady  state  tem¬ 
perature  distribution  within  both  the  fluid  and  fluid-saturated  powder  using  the  commercial  finite- 
element  code  FIDAP  (version  7.5  from  Fluid  Dynamics  International). 


Experiments 

Test  Materials 

In  order  to  experimentally  verify  the  numerical  model  presented  above,  an  experimental  ap¬ 
paratus,  shown  in  Figure  2(a),  was  constructed.  The  working  fluid  for  these  experiments  is  air, 
while  the  powder  bed  consists  of  polycarbonate  with  a  nominal  particle  diameter  of  150  fim  and 
an  average  poured  porosity  of  0.5.  Regarding  permeability,  there  are  no  general  equations  relat¬ 
ing  permeability  as  a  function  of  porosity  [5].  A  number  of  empirical  models  exist,  but  all  have 
restrictions  in  their  application.  If  we  consider  equation  (5),  we  see  that  for  an  isothermal  system 
with  known  geometry,  we  can  control  flow  rate,  measure  the  pressure  drop  across  the  powder,  and 
calculate  a  permeability.  For  a  0.025  m  (1”)  thick,  0.25  m  (1”)  diameter  powder  sample,  subjected 
to  a  flow  of  0.31  m/s  (20  SCFH)  to  0.62  m/s  (40  SCFH),  a  pressure  drop  of  approximately  1  kPa  is 
measured.  From  Equation  (5),  we  then  determine  that  the  powder  permeability  is  approximately 
1.5xlO-10  m2. 

Experimental  Instrumentation 

Dimensions  of  the  major  sections  of  the  experimental  system  are  as  shown  in  Figure  1(b).  In 
the  experiment,  compressed  air  passes  over  P ID-controlled  baffle  heaters  and  then  enters  a  plenum. 
Once  through  the  plenum,  the  heated  air  passes  through  the  inlet,  through  the  powder  bed,  and 
leaves  the  system  via  the  outlet. 

The  baffle  heaters  are  housed  in  a  0.10  m  x  0.10  m  (4”  x  4”)  uninsulated  plywood  box.  The  baf¬ 
fles  are  separated  vertically  by  0.00635  m  (1/4”).  The  baffle  box  opens  into  a  0.15  m  x  0.15  m  x  0.025  m 
(6”  x  6”  x  1”)  plywood  plenum,  which  sits  atop  the  inlet.  The  inlet  section  is  constructed  of  0.15  m 
(6”)  ID  polyvinyl  chloride  (PVC)  pipe.  Mounted  on  the  outside  of  the  inlet  section  is  a  100  W  PID- 
controlled  resistive  heater  covered  with  fiberglass  insulation,  used  to  maintain  a  quasi-isothermal 
boundary  for  the  inlet.  The  inlet  is  mounted  on  top  of  the  powder  bed,  which  is  housed  in  0.15  m 
(6”)  ID  steel  pipe.  The  powder  bed  is  surrounded  by  a  fluid  circulation  jacket,  also  used  to  maintain 
an  isothermal  boundary.  The  powder  bed  sits  atop  a  fine  wire  mesh,  allowing  airflow  through  the 
powder.  Pressure  drop  across  the  mesh  alone  was  measured  to  be  less  than  1  Pa.  Below  the  powder 
bed  sits  the  outlet,  constructed  of  0.15  m  (6”)  ID  PVC  pipe.  Given  the  relatively  low  tempera¬ 
tures  in  the  outlet  section  and  the  high  thermal  mass  of  the  PVC  pipe,  fiberglass  insulation  alone 
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(a)  Apparatus. 


(b)  Thermocouple  numbering. 


Figure  2:  Experimental  system. 


sufficiently  maintains  an  isothermal  boundary  condition.  An  optional  fan  can  be  placed  beneath 
the  outlet  to  induce  a  pressure  drop  below  the  powder  bed,  further  inciting  airflow  through  the 
powder. 

Throughout  the  experimental  device,  125  fim  (5  mil),  type  K,  PTFE-coated  thermocouples  are 
used  to  gather  temperature  data.  A  thermocouple  is  placed  in  the  powder  bed  at  each  location 
marked  with  an  “x”  shown  in  Figure  2(b).  Thermocouples  also  record  air  temperature  in  the  inlet 
and  outlet.  All  thermocouple  data  are  collected  and  recorded  with  a  Keithley  500A  computer- 
controlled  data  acquisition  unit. 

The  experimental  system  has  several  user-controlled  inputs.  Incoming  compressed  air  can  be 
heated  from  25  0  C  to  150  0  C,  over  a  flow  range  of  0.017  m/s  (40  SCFH)  to  0.034  m/s  (80  SCFH) 
in  the  inlet.  The  inlet  wall  can  be  heated  from  25  0  C  to  100  0  C.  The  fluid  circulation  jacket  can 
be  maintained  over  a  range  of  temperatures  from  approximately  30  0  C  to  100  0  C. 

Experimental  Procedure 

In  preparing  for  the  experiment,  the  powder  bed,  wire  mesh,  and  outlet,  all  initially  at  room 
temperature,  are  assembled  together.  Next,  0.025  m  (1”)  of  room  temperature  powder  is  poured 
inside.  The  steel  powder  bed  wall  is  then  repeatedly  tapped,  allowing  the  powder  to  settle.  This 
procedure  of  pouring  in  powder  then  tapping  is  repeated,  until  the  desired  powder  depth  is  achieved. 
The  powder  surface  is  then  smoothed,  and  the  remaining  sections  of  the  experimental  device  are 
assembled. 

Once  initial  assembly  is  completed,  data  acquisition  is  started.  Airflow  into  the  system  and 
fluid  flow  into  the  fluid  circulation  jacket  are  then  begun.  The  heated  baffles  and  inlet  wall  heater 
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are  next  ramped  to  temperature  over  a  period  of  30  minutes. 

The  system  is  left  to  run  until  thermal  steady  state  is  achieved.  Typically,  a  run  lasts  from  8  to 
15  hours.  At  this  time,  the  recorded  temperature  data  are  downloaded  and  checked  to  verify  that 
steady  state  has  been  achieved. 


Results 

Two  separate  tests  were  run  for  comparison  with  the  numerical  model.  For  these  two  tests,  the 
temperature  set  point  for  the  incoming  air  was  kept  constant  at  100  0  C,  while  the  flow  rate  was 
varied.  For  each  test,  three  numerical  simulations  were  performed. 

The  first  test  was  run  with  an  airflow  of  0.017  m/s  (40  SCFH).  Measured  temperatures  as  a 
function  of  time  are  shown  in  Figure  3.  Data  curve  labels  indicate  the  thermocouple  number,  with 
Figure  2(b)  indicating  the  in-bed  position  of  the  given  thermocouple. 

For  comparison,  numerical  simulations  were  also  performed.  Temperatures  measured  during  the 
40  SCFH  experiment  were  used  as  boundary  conditions  in  the  simulations.  Figure  4(a)  shows  the 
conduction  heat  transfer  simulation  for  the  powder  bed.  Figures  4(b)  and  4(c), covering  one-half  of 
the  experimental  domain,  show  simulations  that  include  both  forced  convection  and  conduction  heat 
transfer.  Figure  4(c),  a  buoyant  simulation,  also  adds  the  Boussinesq  air  density  approximation. 
The  A  T  between  isotherms  in  Figure  4  is  4°  C. 

The  second  experiment  was  run  with  an  airflow  of  0.025  m/s  (60  SCFH).  Figure  5  shows  the 
measured  temperatures  as  a  function  of  time. 

Figure  6  shows  the  numerical  simulations  run  for  the  60  SCFH  experiment,  where  again  Fig¬ 
ure  6(a)  is  the  conduction  simulation,  Figure  6(b)  is  the  forced  convection  solution  without  buoyant 
forces,  and  Figure  6(c)  is  the  convection  solution  with  buoyant  forces.  As  above,  the  A  T  between 
isotherms  is  4  0  C. 


Discussion 

In  terms  of  numerical  results,  by  comparing  Figure  4(a)  to  4(b)  and  Figure  6(a)  to  6(b)  we 
see  that,  numerically,  forced  convection  can  have  a  significant  impact  on  heat  transfer  within  a 
polymeric  powder  bed.  Keep  in  mind  that  Figures  4(a)  and  6(a)  represent  the  entire  powder  bed 
and  Figures  4(b)  and  6(b)  represent  half  of  the  physical  domain.  Comparison  is  then  made  by 
considering  isotherms  of  the  same  value  in  Figures  4(a),  4(b),  and  4(c),  and  their  location  within 
the  powder  bed  region.  From  this  comparison,  we  can  see  that,  in  effect,  forced  convection  works 
to  transport  thermal  energy  further  into  the  powder. 

By  considering  Figure  4(b)  versus  4(c)  and  Figure  6(b)  versus  6(c),  we  can  also  see  that  natural 
convection,  i.e.  buoyancy-induced  flow,  can  have  a  significant  effect  at  these  low  flow  rates.  Also, 
from  comparing  Figure  4(b)  to  Figure  6(b),  we  see  that  increasing  flow  velocity  through  a  powder 
increases  thermal  transfer  into  the  deeper  parts  of  the  bed,  as  expected. 

In  terms  of  the  experimental  results,  we  can  see  from  both  Figures  3  and  5  that  achieving 
steady  state,  the  point  where  dT/dt  approaches  zero  and  the  temperature  versus  time  curves  begin 
to  flatten  out,  can  take  a  significant  amount  of  time,  over  7  hours.  Air  and  polycarbonate,  both 
relatively  good  thermal  insulators  alone,  make  an  even  better  thermal  insulator  in  the  form  of  an 
air-saturated  powder  bed. 

If  we  compare  the  experimental  data  to  the  forced  convection  simulations,  both  with  and  without 
buoyancy,  we  begin  to  see  a  discrepancy.  The  experimentally-measured  temperatures  are  signifi- 
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Figure  4:  Isotherms  for  40  SCFH  simulation. 
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Figure  6:  Isotherms  for  60  SCFH  simulation. 
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cantly  lower  than  those  predicted  in  the  forced  convection  simulations.  However,  if  the  measured 
temperatures  are  compared  to  the  conduction  simulation,  we  see  that  there  is  excellent  agreement. 

As  in  any  research,  a  discrepancy  between  model  and  experiment  implies  a  flaw  in  the  model. 
In  this  instance,  it  is  believed  that  the  numerical  model  does  not  adequately  reflect  the  air  leaks 
present  in  the  experimental  apparatus.  In  essence,  the  resistance  to  flow  imposed  by  the  low 
permeability  powder  forces  the  air  out  of  mating  surfaces  in  the  experiment.  At  present,  these 
leaks  prevent  any  experimentally  driven  conclusions  about  forced  convection  heat  transfer  within  a 
polymeric  powder.  However,  we  can  easily  see  from  Figures  3  and  5  that  conduction  heat  transfer 
within  a  polycarbonate  powder  bed  can  take  a  significant  amount  of  time  to  have  any  effect  on  the 
bed  interior. 


Conclusions  and  Future  Work 

Numerically,  forced  convection  heat  transfer  is  seen  to  have  a  significant  effect  on  steady  state 
temperatures  within  an  air-saturated  polymeric  powder  bed.  It  is  also  numerically  shown  that,  at 
sufficiently  low  flow  rates,  natural  convection,  or  buoyancy-induced  flow,  must  be  accounted  for  in 
simulations. 

Experimentally,  it  is  seen  that  the  low  permeability  of  fine  powders,  which  are  typically  used 
in  SLS,  can  have  a  drastic  effect  on  attempts  at  generating  flow  through  the  powder.  Much  care 
must  be  taken  to  ensure  that  fluid  is,  in  actuality,  flowing  through  the  powder. 

Once  true  airflow  through  a  powder  is  achieved  and  verified  against  the  numerical  model, 
fractional  experiments  will  be  performed.  Control  variables  will  be  the  initial  air  temperature, 
powder  bed  wall  temperature,  and  airflow  rate.  In  addition,  a  polymeric  sintering  model  based  on 
solid  mechanics  will  be  formulated  and  added  to  the  numerical  heat  transfer.  In  conjunction  with 
the  model  development,  experiments  will  be  undertaken  wherein  a  heated  object  is  embedded  in  the 
powder  bed,  reflecting  the  latent  heat  in  a  recently  formed  SLS  part.  In  this  way,  sintering  of  the 
polymer  under  influence  of  forced  convection  can  be  studied.  Information  gained  from  these  studies 
can  then  be  used  to  better  control  the  thermal  state  of  a  polymeric  powder  bed.  More  precise  and 
rapid  control  may  then  help  alleviate  such  nagging  problems  as  growth  and  part  warpage. 
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INTRODUCTION 

The  applications  for  stereolithography  parts  have  grown  from  simple  visualization 
of  engineering  designs  to  fabrication  of  functional  end-use  prototypes.  With  the  growth 
of  applications  has  come  a  need  for  higher  performance  resins.  In  particular,  the  upper- 
use  temperature  of  cured  resins  needs  to  approach  or  exceed  200  °C  for  applications  such 
as  directly  formed  molds  for  injection  molding,  and  under-the-hood  automotive 
applications.  Improved  mechanical  properties  such  as  modulus  and  impact  strength  are 
also  important  for  these  applications.  Dimensional  accuracy  has  been  a  key  issue  for 
rapid  building  of  functional  parts.  Dimensional  accuracy  is  a  function  of  resin  shrinkage, 
draw  style  patterns,  beam  diameter  compensation,  galvanometer  calibration ,  etc.  While 
part  accuracy  has  improved  dramatically  since  the  inception  of  stereolithography,  further 
improvements  are  possible. 

The  University  of  Dayton  in  partnership  with  researchers  at  Case  Western  Reserve 
University  is  currently  developing  liquid  crystal  (LC)  monomers  for  stereolithography 
applications.  LC  materials  contain  stiff  rod-like  mesogenic  segments  which  can  be 
aligned  and  upon  cure  may  have  glass  transitions  approaching  200  degrees  Celsius 
because  of  their  rigid  rod  segmental  structures,  orientation,  and  high  degree  of 
crosslinking.  Curing  in  an  aligned  state  “locks”  in  the  anisotropic  structure  resulting  in 
materials  with  anisotropic  physical  and  mechanical  properties.  Also,  because  the  reactive 
end  groups  are  more  tightly  packed,  cure  in  an  aligned  state  should  result  in  lower 
shrinkage  than  is  obtained  with  conventional  resins 

The  objective  of  this  project  is  to  produce  LC  diacrylate  monomers  that  can  be 
photopolymerized  via  stereolithography  to  produce  parts  having  glass  transition 
temperatures  exceeding  those  possible  with  commercially  available  stereolithography 
resins,  and  having  optimized  mechanical  properties.  Parts  with  isotropic,  anisotropic,  or  a 
combination  (as  a  function  of  location  in  the  part)  of  isotropic  and  anisotropic  properties 
may  be  produced  by  varying  the  layer-to-layer  alignment  of  the  LC  monomer  or  by 
varying  the  cure  temperature  (i.e.,  varying  the  mesogenic  state).  Realization  of  these 
goals  will  allow  important  new  applications  for  stereolithography. 

The  research  emphasis  in  the  program  has  been  on  three  areas:  (1)  synthesis  of  liquid 
crystal  monomers  suitable  for  use  in  stereolithography;  (2)  characterization  of  basic 
material  properties  and  determination  of  processing  parameters  and 
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(3)  stereolithography  process  optimization  for  LC  monomers.  The  focus  of  this  paper  is 
on  the  last  two  areas. 

LIQUID  CRYSTAL  CHARACTERIZATION 

Like  crystalline  solids,  LC  materials  have  some  kind  of  long  range  molecular 
order,  however,  they  lack  the  three-dimensional  translational  order  found  in  truly 
crystalline  materials.  The  simplest  type  of  mesogenic  phase  is  called  nematic.  In  nematic 
phases,  the  molecular  axes  are  on  average  parallel  but  lack  any  kind  of  translational  order 
as  indicated  in  Figure  la.  Smectic  phases  have  both  uniaxial  molecular  orientation  and 
some  degree  of  translational  order  as  indicated  in  Figure  lb.  Many  different  types  of 
smectic  phases  have  been  identified.  Some  are  more  fluid  in  nature  (e.g.,  smectic  A) 
while  others  are  more  solid  in  nature  (e.g.,  smectic  D).  At  the  clearing  temperature,  order 
disappears  and  the  phase  structure  becomes  isotropic  as  indicated  in  Figure  lc.  Because 
the  viscosity  of  nematics  can  be  considerably  lower  than  that  of  smectic  phases,  working 
in  the  nematic  phase  may  be  more  ideal  for  stereolithography.  Smectics,  on  the  other 
hand,  have  a  higher  degree  of  order  which  may  lead  to  less  shrinkage  and  higher  crosslink 
densities.  As  a  result,  both  mesophase  types  are  of  interest.  In  the  present  work,  the 
identification  of  phase  type,  and  phase  transition  temperatures  was  done  by  polarized 
optical  microscopy  and  differential  scanning  calorimetry. 

Identification  of  Phases 

Liquid  crystalline  phases  are  bireffingent,  that  is,  the  measured  refractive  index  is 
directionally  dependent.  Particular  phase  structures  can  be  identified  by  examining 
samples  between  crossed  polarizers.  A  Nikon  optical  microscope  fitted  with  polarizers 
and  a  Mettler  FP-82  hot-stage  was  used  to  study  the  phase  behavior  of  three  LC  reactive 
monomers.  For  example,  Figure  2  is  a  photograph  of  a  smectic  A  phase  illuminated  by 
polarized  light. 

Differential  scanning  calorimetry  (DSC)  is  also  used  to  measure  phase  transition 
temperatures  and  in  addition  measures  the  enthalpies  of  transitions.  A  TA  Instruments 
model  2910  DSC  was  used  to  characterize  the  LC  reactive  monomers.  The 
melting/crystallization  behavior  of  the  monomers  was  determined  using  multiple  heating 
rates.  The  position  of  transitions  depends  on  the  heating  rate  and  the  (temperature) 
direction  of  the  scan.  Some  mesogenic  phases  referred  to  as  monotropic  occur  only  upon 
cooling  from  the  isotropic  melt.  The  monomers  were  analyzed  both  with  and  without 
photo-initiators  to  establish  the  effect  of  photo-initiators  on  the  breadth  and  position  of 
the  mesophases.  Even  small  amounts  of  photoinitiator  can  have  significant  effects  on  the 
phase  transitions.  This  information  is  needed  to  define  the  temperature  range  required  for 
stereolithography  operation. 

Cure  Analysis 

The  UV  absorbance  of  purified  monomer  samples  was  measured  using  a  Hewlett- 
Packard  model  8452A  diode  array  spectrophotometer.  The  UV  absorbance  spectra  were 
used  to  determine  the  most  appropriate  laser  wavelength  for  cure.  Monomers  with 
various  photo-initiators  were  analyzed  with  a  Perkin-Elmer  photo-DSC-7.  Photo- 
differential  scanning  calorimetry  (PDSC)  is  a  useful  method  for  the  rapid  and 
comprehensive  development  of  appropriate  cure  conditions  for  the  monomers  of  interest. 
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With  PDSC  it  is  possible  to  determine  cure  information  based  on  photo-initiator  and 
sensitizer  concentrations  as  well  as  cure  temperature  and  irradiation  wavelength.  PDSC 
investigations  of  photoinitiator  type  and  concentration  have  lead  to  optimal  cure  rates  and 
have  been  useful  in  improving  the  glass  transition  temperatures  of  photo-polymerized 
samples.  The  cure  rates  observed  are  comparable  to  those  of  commercial  acrylate 
stereolithography  resins. 

Glass  Transition  Temperature 

The  glass  transition  temperature  of  cured  samples  has  been  measured  by  a  variety 
of  techniques  including  DSC,  dynamic  mechanical  analysis  (DMA),  and  thermal 
mechanical  analysis  (TMA).  Thus  far,  the  results  are  encouraging  in  that  the  LC 
monomers  under  study  form  high  Tg  polymers  upon  cure.  Figure  3  shows  data  from 
thermal  mechanical  analysis  using  a  penetration  probe  for  a  sample  photocured  at  45  °C 
and  thermally  postcured  by  heating  to  300  °C.  The  measured  softening  point  for  the 
sample  was  21 0  °C.  For  materials  cured  with  a  scanning  laser,  the  initial  glass  transition 
temperature  is  a  function  of  the  monomer  temperature  in  the  vat.  Thermal  postcures  may 
be  used  to  advance  the  glass  transition  temperature  of  photocured  parts.  We  are  currently 
studying  the  effects  of  UV  postcure  on  Tg  values 

The  birefringence  technique  developed  to  follow  phase  transitions  in  the 
monomers  was  also  found  to  be  useful  in  studying  transitions  in  the  polymers.  Curves 
from  the  birefringence  technique  clearly  showed  where  glass  transitions  occurred,  even 
when  DSC  could  not.  They  also  indicated  that  additional  polymerization  continued  after 
heating  past  the  initial  photocure  temperatures.  Comparisons  of  polymer  films  were 
made  between  randomly  aligned  and  externally  aligned  polymers.  These  experiments 
showed  evidence  of  additional  relaxation  effects  at  the  glass  transition  presumably 
associated  with  the  regions  between  liquid  crystalline  domains  in  the  randomly  aligned 
samples. 

CREATING  AND  MEASURING  ALIGNMENT 

An  important  aspect  of  this  project  is  an  investigation  of  ways  to  align  the  liquid 
crystal  monomers  and  ways  to  measure  the  alignment.  Photopolymerization  of  the  LC 
monomer  in  the  aligned  state  may  lead  to  stereolithography  parts  with  superior 
mechanical  properties  and  minimal  cure  shrinkage.  In  addition,  it  will  be  possible  to  build 
parts  having  anisotropic  properties.  This  flexibility  will  allow  a  part’s  physical  and 
mechanical  properties  to  be  optimized  for  particular  applications.  There  are  a  number  of 
ways  to  align  a  mesogen  such  as  by  application  of:  electric  field,  magnetic  field,  shear, 
rubbed  films,  and  combinations  of  the  aforementioned.  Electric  field  alignment  is  used  in 
most  liquid  crystal  display  (LCD)  applications  [1  ].  Alignment  of  an  LC  monomer  in  a 
stereolithography  vat  presents  challenges  not  encountered  in  other  LC  applications 
because  we  are  proposing  to  align  the  LC  domains  over  large  areas  (e.g.,  254  mm  x  254 
mm).  A  magnetic  field  is  the  method  selected  for  alignment  for  this  application. 

Alignment  Measurement  and  Alignment  Kinetics 

X-ray.  The  inter-molecular  spatial  relationships  in  a  LC  material  are  measured  most 
accurately  using  X-ray  diffraction.  LC  structures  result  in  specific  diffraction  phenomena. 
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As  described  by  Samulski  in  [2],  the  azimuthal  intensity  distribution,  I(x),  comes  from 
the  superposition  of  scattering  from  many  mesogens  having  a  continuous  orientation 
distribution  of  1  about  the  director  n  symbolized  as  W((3)  where  P  is  the  angle  between  1 
and  n.  The  measurable  distribution  I(x)  is  related  to  W(P)  and  I(oo),  where  I(co)  is  the 
scattering  intensity  from  a  single  prolate  mesogen,  by  an  integral  equation  as  shown 
below  [2]. 

I(X)  *  1  W(P)«I(co)sinco  dco  (1) 

The  average  orientation  of  1  relative  to  n  is  the  nematic  order  parameter  S  which  is 
defined  in  terms  of  W(p)  as  shown  below. 

S  =  f2  P2  (cosP).W(P)sinpdp  (2) 


Typically,  nematic  LC  materials,  which  have  directional  order  but  not  positional 
order,  create  X-ray  diffraction  patterns  having  diffuse  outer  rings  and  sometimes  diffuse 
inner  rings  [3].  Smectic  LC  materials  consist  of  layers  of  directionally  ordered  molecules. 
In  addition  to  having  a  diffuse  outer  ring,  the  large  scale  periodicity  of  the  smectic  layers 
causes  small  angle  scattering,  which  appears  as  a  sharp  inner  ring  [3], 

Although  X-ray  diffraction  is  probably  the  best  method  to  determine  the 
molecular  orientation,  other  techniques  can  be  used  to  calculate  the  order  parameter  or  to 
measure  changes  in  alignment.  A  sampling  of  these  techniques  include:  NMR  [4-6], 
SANS  [7],  FTIR  [8],  Raman  spectroscopy  [9-12],  Mossbauer  Effect  spectroscopy  [13], 
dielectric  [14,15]  and  refractive  index  [16-18], 

In  this  study  dielectric  and  birefringence  measurements  have  been  used  to  detect 
changes  in  alignment  of  the  LC  materials  with  the  application  of  a  magnetic  field.  These 
techniques  can  also  be  used  to  follow  relaxation  of  order  after  the  aligning  field  has  been 
removed. 

Dielectric  Analysis.  Dielectric  analysis  techniques  can  be  used  as  a  means  to  calculate 
the  molecular  order  parameter.  Unfortunately,  the  relative  convenience  of  measuring  the 
dielectric  permittivity  of  a  liquid  crystal  under  different  orientations  comes  at  the  cost  of  a 
relatively  complicated  theory  relating  permittivity  to  the  order  parameter. 

On  the  other  hand,  if  the  mesogens  have  little  or  no  dipole  moment,  then  the 
theory  relating  order  parameter  to  permittivity  anisotropy  simplifies  greatly.  However, 
because  the  electric  polarizabilities  of  the  molecules  cannot  be  measured  in  practice,  an 
extrapolation  method  based  on  the  nematic  to  isotropic  transition  temperature  must  be 
used  to  estimate  them.  In  the  case  of  a  crosslinked  polymer  network,  no  transition  to  the 
isotropic  state  exists,  so  there  is  nothing  on  which  to  base  the  extrapolation.  Hence  only 
measurement  of  the  monomers  can  provide  quantitative  estimates  of  the  order  parameter 
in  this  technique. 

Preliminary  experiments  have  been  conducted  with  a  Hewlett  Packard  4 192 A 
impedance  analyzer,  with  a  frequency  range  of  10  Hz  to  13  MHz.  The  samples  were 
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placed  between  parallel  plate  electrodes  with  a  spacing  of  approximately  300  microns. 
Alignment  was  created  in  the  nematic  state  using  a  permanent  magnet.  For  the  monomers 
measured  so  far,  there  is  little  dipole  moment,  so  the  dielectric  anisotropy  is  due  solely  to 
anisotropy  in  the  polarizability.  This  results  in  dielectric  permittivity  differences  of  about 
0.8  between  parallel  and  perpendicular  orientations  of  the  magnet.  Temperature  studies 
are  planned  so  that  the  extrapolation  method  can  be  extended  to  estimate  order  parameter 
as  a  function  of  temperature. 

Birefringence.  One  of  the  simplest  (and  least  expensive)  ways  to  determine  if  a  material 
is  liquid  crystalline,  is  to  place  it  between  crossed  polarizers  in  a  microscope  and  look  for 
’birefringence’.  Unlike  an  isotropic  fluid,  the  index  of  refraction  in  a  liquid  crystalline 
material  is  not  constant.  For  the  case  of  uniaxial  nematics  and  smectics,  the  birefringence, 
An,  is  defined  as  the  difference  between  the  indices  of  refraction  parallel  to  and 
perpendicular  to  the  director, 


This  equation  relates  three  quantities,  so  two  separate  measurements  are  needed  to 
completely  characterize  the  index  of  refraction  of  a  liquid  crystal:  one  to  measure  An  and 
another  to  measure  one  of  the  components  of  n. 

As  in  the  dielectric  method  for  estimating  order  parameter,  an  extrapolation  based 
on  the  nematic  to  isotropic  transition  temperature  must  be  used.  This  limits  the  usefulness 
of  the  method  to  the  monomers.  In  the  photopolymers,  the  multifunctional  network  locks 
in  the  liquid  crystalline  order,  so  no  transition  to  the  isotropic  state  occurs. 

PROCESS  MODIFICATIONS 

Currently  a  modified  version  of  the  table-top  SLA  (TTSLA)  device  built  at  The 
University  of  Dayton  and  described  in  [19]  is  being  used  for  experimentation  with  LC 
monomers.  The  principal  modification  to  conventional  stereolithography  apparatus  is  the 
addition  of  a  magnet  outside  the  vat  in  order  to  align  the  monomer  before  cure.  Figure  4 
is  a  schematic  of  the  TTSLA  apparatus.  The  magnet  is  positioned  on  a  rotatable  platform 
so  that  alignment  can  be  established  at  any  angle  relative  to  the  galvanometer  axes.  A 
second  requirement  is  to  have  temperature  control  of  the  vat  over  a  wide  range  .  This  is 
desirable  so  that  it  is  possible  to  work  with  all  LC  phases:  smectic,  nematic  and  isotropic. 
The  third  modification  envisioned  is  a  means  to  measure  molecular  alignment  in-situ.  An 
ellipsometry  technique  is  being  considered  for  this  purpose,  but  is  not  yet  fully 
operational.  Ellipsometry  is  analogous  to  birefringence  except  that  reflectance 
measurements  are  used  instead  of  transmitted  light. 

Initial  experiments  in  the  TTSLA  have  focused  on  determining  the  effect  of  cure 
temperature,  phase,  and  laser  draw  speed  on  cure  depth  and  width  (working  curves). 
Strands  and  simple  single-layer  parts  have  been  made  with  monomers  in  the  nematic  and 
isotropic  states.  In  the  nematic  state,  the  curing  laser  beam  is  scattered  much  as  it  is  in 
the  two-phase  resin  SOMOS  2100  [20],  This  effect  results  in  cured  strand  widths  being 
greater  than  the  laser  beam  diameter.  Future  experiments  will  characterize  scattering 
effects  as  a  function  of  alignment  direction  relative  to  the  draw  direction.  By  the  time  of 
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presentation  at  the  SFF  Symposium  we  expect  to  have  additional  data  based  on  the 
experiments  cited  above  and  from  processing  studies  on  multiple  layer  parts. 

SUMMARY 

Liquid  crystalline  reactive  monomers  are  being  studied  for  stereolithography 
applications.  Various  characterization  techniques  were  used  to  determine  the  types  of  LC 
phases  present  and  their  temperature  ranges.  UV  spectroscopy  and  photo-DSC  were  used 
to  find  applicable  photoinitiators  for  the  resins  investigated.  High  glass  transition 
temperatures,  approaching  200  °C,  have  been  measured  for  photo-polymerized  resins  that 
have  been  thermally  post-cured. 

Investigations  of  the  alignment  of  LC  materials  have  determined  that  alignment 
by  a  magnetic  field  is  feasible.  Initial  experiments  using  newly  synthesized  LC  monomers 
show  that  alignment  over  significant  distances  (3-10  cm)  can  be  achieved.  Experiments 
using  a  table-top  SLA  (TTSLA)  device  have  shown  that  considerable  scattering  of  the 
curing  laser  beam  occurs  when  the  monomer  is  in  the  unaligned  nematic  state.  Work  is 
underway  to  determine  the  effects  of  monomer  temperature,  alignment,  laser  power,  and 
draw  speed  on  working  curve  characteristics  and  final  part  properties. 
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a)  Nematic  b)  Smectic 


c)  Isotropic 


Figure  1 .  Schematic  illustration  of  monomer  molecules  in  a)  nematic  phase,  b)  smectic 
phase  and  c)  isotropic  phase 
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Figure  2.  Photomicrograph  taken  using  polarized  light  of  a  LC  monomer  in  the  smectic 
A  phase. 


Figure  3 .  Example  TMA  data  using  penetration  probe  of  LC  material  photocured  using 
a  wide-band  UV  source  and  thermally  postcured  by  heating  to  300  °C.  Indicated  glass 
transition  temperature  is  210  °C. 
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Figure  4.  Schematic  of  modified  stereolithography  apparatus  for  use  with  liquid  crystal 
monomers. 
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Abstract 

Rapid  prototyping  has  become  an  increasing  part  of  product  development  process  chains  resulting  in 
reduced  time  to  market  and  reduced  development  costs.  As  manufacturers  strive  to  further  reduce 
development  cycles  to  maintain  market  competitiveness,  the  use  of  reverse  engineering  technologies  have 
started  to  play  key  roles  in  the  product  development  cycles.  Integration  of  these  technologies  into  existing 
development  cycles  provides  tools  to  maintain  design  integrity  during  development  stages  as  well  as 
between  successive  product  lines.  One  aspect  of  reverse  engineering  is  the  interfacing  of  data  obtained 
from  these  technologies  to  manufacturing  processes  such  as  rapid  prototyping.  This  paper  discusses  work 
at  Daimler-Benz  to  develop  a  set  of  interfacing  tools  as  part  of  a  larger  reverse  engineering  process  loop. 
These  tools  include  facilities  to  generate  contiguous  surface  meshes  from  a  collection  of  measured  views 
as  well  as  automatic  feature  detection  and  hole  closure. 

(Keywords:  Reverse  Engineering,  Rapid  Prototyping,  Mesh  Generation,  Point  Clouds) 


Introduction 

As  a  developer  and  manufacturer  of  products  targeted  for  the  global  marketplace,  Daimler-Benz  is 
committed  to  the  development  of  methods  that  reduce  both  the  cost  and  time  of  developing  these 
products.  Reverse  engineering  (REEN)  technologies  are  beginning  to  playing  a  large  role  in  helping 
to  achieve  this  goal.  This  stems  from  the  capabilities  of  REEN  technologies  to  provide  support  to 
a  broad  range  of  applications  such  as  continual  maintenance  of  CAD  data,  on-line  inspection 
techniques,1  and  virtual  reality. 

Within  this  framework  we  are  developing  the  process  loop  shown  in  Figure  1 .  This  reverse 
engineering  process  loop  is  seen  to  encompass  all  elements  of  the  product  development  cycle.  This 
process  loop  describes  the  flow  of  information  from  virtual  world  of  the  product  description  through 
manufacturing  to  the  physical  product  and  back  to  the  virtual  world  through  REEN  technologies. 
At  the  peripheries  of  the  central  loop  are  the  capabilities  to  support  the  input  and  output  of 
conceptual  and  physical  information.  To  realize  this  process  loop  we  are  actively  involved  in  the 
research  and  development  of  the  necessary  technological  aspects  including  optical  measurement 
techniques,  sensor  navigation,  data  manipulation,  and  CAD  support.  At  the  heart  of  this  system  is 
a  software  package  that  is  capable  of  performing  tasks  of  the  reverse  engineering  process  loop  such 
as  sensor  navigation  and  control,  data  acquisition  and  processing,  CAD  reconstruction,  and 
interfacing  to  manufacturing  processes.  The  complete  system  is  modular  in  design  and  intended  to 
be  independent  of  target  platforms  whether  they  be  the  sensor  device,  navigation  mechanism,  or 
computing  platform. 
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As  indicated  in  Figure  1,  interfacing 
reverse  engineering  data  to 
manufacturing  processes  such  as 
rapid  prototyping  (RP) 
technologies,  is  an  important  link  in 
the  realization  of  an  effective 
reverse  engineering  process  loop. 

Current  implementations  of  RP 
technologies  offer  capabilities  to 
fabricate  functional  objects  using 
geometric  data  from  a  variety  of 
sources.  Traditionally  the  geometry 
data  used  by  RP  technologies  have 
been  derived  from  CAD 
information,  either  volume  or 
surface  element  based.  However,  as 
a  result  of  reverse  engineering  Figure  1.  Reverse  engineering  process  loop, 
technologies,  non-CAD  based 

surface  and  volume  coordinate  data  are  being  increasingly  encountered  in  commercial  development 
and  manufacturing  applications.  In  some  areas,  such  as  medical  applications,  only  non-CAD  based 
data  exist.  In  this  paper  we  will  describe  our  efforts  to  link  reverse  engineering  data  to  RP 
technologies. 


Reverse  Engineering  Data 

Reverse  engineering  data  can  come  from  a  variety  of  sources.  Common  examples  include  optical 
sensor  data  from  devices  such  as  structured  light  projectors,2  laser  range  finders,3  and 
photogrammetry  methods.  Other  sources  include  tactile  devices,  computed  tomography  (CT),4  non¬ 
destructive  test  methods,  and  finite  element  analysis.  A  complete  discussion  of  the  various  data 
sources  is  beyond  the  scope  of  this  paper.  We  will  focus  on  data  obtained  from  optical  sensors  and 
will  note  when  data  comes  from  other  sources. 

The  initial  step  in  any  REEN  operation  is  to  obtain  information  about  the  geometry  of  an  object.  This 
is  accomplished  using  optical  sensors  that  project  a  series  of  structured  light  patterns  onto  the  object 
and  then,  using  a  digital  sensor,  capturing  each  of  the  reflected  patterns  from  the  object.  Figures  2 
and  3.  Using  the  coded  information  of  the  projected  patterns  and  the  geometry  of  the  sensor  system 
it  is  possible  to  determine  the  spatial  position  of  a  point  on  the  object.  The  result  is  a  matrix  image 
of  spatial  points  in  the  coordinate  space  of  the  sensor.  This  image  is  termed  a  view  and  can  contain 
several  thousand  coordinate  points.  Generally,  between  five  and  fifty  views  may  be  required  to  obtain 
a  complete  description  of  an  object.  Each  of  the  views  in  turn  must  be  transformed  into  a  common 
coordinate  space.  In  current  practice  this  transformation  is  accomplished  by  either  mounting  the 
sensor  on  a  positioning  system  or  by  semi-automatic  software  registration.  The  final  result  is  a  cloud 
of  points  that  describe  the  visible  surface  of  the  object.  Figure  4.  Representative  point  clouds  can 
contain  on  the  order  of  a  few  hundred  thousand  data  points.  The  uncertainty  of  a  data  point  is 
approximately  ±0.1  mm  in  all  directions. 
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Figure  2.  Optical  measurement  geometiy.  Figure  3.  Construction  of  3D  point  cloud  data. 


Figure  4. 


Point  cloud  obtained  from  optical  measurement  of  the  IMS-T1  standard  test  part. 
Approximately  250,000  points  and  ten  views. 


Requirements  for  Reverse  Engineering  Data  Reduction 

The  intent  is  to  create  a  data  set  suitable  for  input  to  rapid  prototyping  systems.  Accomplishing  this 
task  requires  transforming  the  point  cloud  with  minimal  computational  time  and  effort  while 
remaining  faithful  to  the  original  data. 
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Rapid  prototyping  methods  may  vary  in  their 
implementation  but  nearly  all  use  the  same  geometry 
input  format,  the  STL  triangular  mesh  format 
introduced  by  3D-Systems,5  Figure  5.  Some  RP 
platforms  support  more  standard  3D-CAD  object 
formats  such  as  IGES.  Still  other  platforms  support 
input  of  geometric  information  corresponding  to 
object  contours  which  then  translate  directly  into 
material  slices.  Contour  interfaces  are  generally 
supported  through  public  domain  formats  such  as  SLC 
supported  by  3D-Systems,6  the  CLI  format  developed 
through  an  initiative  of  the  European  Community,7  and 
the  familiar  HPGL  format  used  by  many  laser  printers. 
Because  the  STL  format  is  the  de  facto  standard,  it  is 
the  logical  form  of  the  reduced  REEN  data.  Before  proceeding,  however,  let  us  discuss  the  other 
input  formats. 

To  use  3D-CAD  information  as  a  source  for  RP  processes  requires  a  complete  reconstruction  of  this 
information  from  the  REEN  data.  While  the  reconstruction  of  3D-CAD  information  is  one  of  the 
primary  goals  of  the  reverse  engineering  process  loop,  complete  reconstruction  of  3D-CAD 
information  is  still  labor  intensive  and  the  effectiveness  of  the  reconstruction  is  dependent  on  model 
complexity.  Certain  aspects  of  3D-CAD  reconstruction  such  as  recognition  of  regular  geometries 
or  global  fitting  of  data  by  spline  surfaces  can  be  automated.  However,  considerable  post-processing 
may  be  required  to  achieve  a  valid  geometric  representation.  These  operations  are  time  intensive. 
In  addition,  the  reconstructed  model  must  be  further  processed  to  produce  a  triangular  mesh  model 
or  sliced  to  yield  contour  data.  Reconstruction  of  3D-CAD  data  appears  an  unnecessary  step  as  it 
would  be  more  efficient  to  directly  reconstruct  the  triangular  mesh  from  the  cloud  data. 

To  use  contour  information  as  input  to  RP  processes  requires  the  extraction  of  this  information  from 
REEN  data.  This  step  is  straightforward.  Additionally,  some  data  sets,  such  as  those  obtained  by 
computed  tomography  (CT),  are  produced  as  contour  information.  However,  contour  data  sets  can 
have  certain  drawbacks  in  actual  practice.  A  major  drawback  is  the  need  for  interpolation  when 
processing  contour  data  sets.  If  the  contour  data  is  extracted  from  a  point  cloud  the  possibility  exists 
that  the  point  density  of  the  cloud  is  insufficient  to  produce  a  correct  contour  using  the  slice 
resolutions  of  RP  processes.  This  is  illustrated  in  Figure  6  which  shows  contour  data  obtained  at  a 
slice  resolution  of  1.0mm.  The  points  are  a  result  of  all  points  in  the  cloud  occurring  in  the  slice 
volume  element.  In  this  case,  the  left  part  of  the  contour  is  quite  good  as  this  section  of  the  object 
contains  walls  perpendicular  to  the  slice  plane.  However,  the  right  side  of  the  contour  is  questionable 
since  the  object  contains  a  sloped  face  in  this  region.  Considerable  smoothing  as  well  as  adjacent 
contour  interpolation  would  be  required  to  obtain  an  adequate  contour  description.  It  is  clear  from 
this  example  that  a  finer  slice  resolution  would  result  in  a  poorly  defined  contour.  Irrespective  of  slice 
resolution,  the  resulting  contours  would  be  a  minimal  approximation  at  best.  It  appears  that  a  better 
approach  would  be  to  consider  cloud  data  in  a  global  manner  thereby  creating  a  better  overall 
approximation  of  the  object. 
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Figure  6.  Contour  data  extracted  from  the  point  cloud  on  the  left  using  a  volume  slice 
element  thickness  of  1  .Omm. 

Given  the  apparent  drawbacks  of  using  reconstructed  3D-CAD  information  or  extracted  contour 
information  it  is  reasonable  to  consider  the  generation  of  triangular  meshes  directly  from  REEN  data. 
Creating  a  valid  triangular  mesh  is  the  first  requirement  of  our  approach  to  interfacing  REEN  data 
to  RP  processes.  In  practice,  a  triangular  mesh  is  simply  a  piece-wise  linear  surface  approximation 
composed  of  triangular  facets.  Figure  5.  The  creation  of  simplicial  surfaces  of  this  type  from  arbitrary 
point  data  has  become  a  topic  of  considerable  interest  in  recent  years.8,9’10’11’12  Simplicial  surfaces  are 
not  only  important  as  input  for  RP  processes,  but  they  also  have  application  in  the  fields  of  graphical 
rendering,  virtual  reality,  and  finite  element  modelling. 

The  criteria  for  triangular  mesh  generation  is  the  ability  to  create  the  mesh  with  a  minimal  set  of  input 
parameters  and  reasonable  execution  times  for  all  data  sets.  Additional  requirements  are.  efficient, 
minimal  user-interaction  methods  for  mesh  verification  such  as  residual  repairs  of  the  generated  mesh, 
normal  orientation;  and  surface  projection  of  incomplete  meshes  to  create  closed  model  volumes. 
There  is  currently  no  algorithm  available  in  the  literature  that  meets  all  of  these  criteria.  The  closest 
is  perhaps  the  Rapid  Prototyping  Module  available  in  recent  versions  of  Surfacer.  However,  we  have 
found  this  mesh  generation  algorithm  and  its  accompanying  utility  algorithms  for  mesh  verification 
to  be  poorly  documented  in  operation  and  insufficient  in  practice. 


Methods 


The  method  we  have  chosen  for  mesh  generation  is  a  modified  Delauney  triangulation  algorithm  with 
elements  of  the  marching  cubes  algorithm.  Each  of  these  algorithms  are  discussed  extensively  in  the 
literature.8’13  In  our  approach  the  point  cloud  is  treated  as  a  contiguous  data  set  The  underlying 
image  matrix  information  for  each  view  in  the  point  cloud  is  presently  not  stored  as  part  of  the  point 
cloud. 
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With  a  contiguous  point  cloud  it  is  convenient  to  store  the  point  data  as  a  set  of  ordered  voxels  to 
optimize  processing  during  visualization  and  other  operations.  Descriptions  of  voxe  structures  can 
be  found  in  the  literature.8’14’15  Currently  we  use  two  criteria  for  storing  the  point  cloud  as  a  voxel 
representation.  In  both  cases  voxels  void  of  point  cloud  data  are  not  stored.  The  simplest  me  o 
is  to  create  voxels  of  fixed  size  containing  a  maximum  number  of  data  points.  The  other  met  o  is 
to  create  voxels  by  recursive  subdivision  using  the  criteria  that  each  voxel  will  contain  a  set  of  points 
with  a  minimal  error  to  a  best  fit  plane.  This  effectively  segregates  the  point  cloud  into  voxels  of 
different  sizes  that  contain  nearly  planar  elements.  One  advantage  of  this  last  method  is  it  tends  to 
decrease  the  number  of  voxels,  thus  reducing  processing  overhead. 

Our  algorithm  then  uses  a  Delauney  method  to  triangulate  the  data  in  each  voxel.  Delauney 
triangulation  is  defined  for  points  in  2D  space.  Therefore,  the  algorithm  creates  a  best  fit  plane  of  the 
voxel  data  onto  which  the  voxel  data  points  are  projected.  The  plane  is  clipped  by  the  vox 
boundaries.  The  projected  points  on  the  best  fit  plane  are  sorted  according  to  their  distance  from  t  e 
center  of  the  plane,  thus  optimizing  execution.  The  criteria  for  Delauney  tnangulation  is  based  on  e 
idea  that  given  a  set  a  three  points  describing  a  triangle,  a  circumscribed  circle  of  the  triangle  should 
not  contain  any  additional  points.  If  the  circle  contains  points  then  the  triangle  must  be  split 
However,  to  split  a  triangle  properly  one  must  check  for  adjoining  tnang  es  in  or  er  o  avoi 
introducing  topological  errors.  In  our  implementation,  the  method  tends  to  grow  a  patch  of  tnang  es 
from  the  center  of  the  best  fit  plane.  When  all  triangles  of  the  patch  meet  the  Delauney  criteria  then 
triangles  connecting  the  patch  to  the  boundai^  points  of  the  clipping  plane  are  removed  and  a  final 
post-processing  check  is  done  to  remove  boundary  triangles  with  large  angles.  As  long  as  all  poi 
in  a  voxel  can  be  projected  onto  the  best  fit  plane  and  the  topology  is  not  complex  the  Delauney 
method  will  yield  a  valid  triangulation  devoid  of  redundant  triangles  and  will  not  be  self-intersecting. 

After  each  voxel  is  triangulated  it  is  merely  a  matter  of  stitching  neighboring  voxel  patches  together 
to  obtain  a  contiguous  mesh.  Presently  this  step  can  introduce  topologically  incorrect  triangles  in 
areas  of  rapidly  changing  topology.  These  spurious  triangles  can  be  easily  removed  by  a  post¬ 
processing  step  to  yield  small  gaps  in  the  mesh.  Gaps  in  the  mesh  can  also  occur  due  to  sparse  or 
missing  data,  excessive  noise,  or  misalignment  of  the  individual  views.  ecause  o  e 
veneration  method  it  will  be  necessary  to  harmonize  surface  normals.  We  have  incorporate 
additional  algorithms  to  handle  these  problems  in  both  automatic  and  semi-automatic  manners.  For 
example  proper  orientation  of  normals  is  an  automatic  feature.  One  merely  determines  the  largest 
z-coordinate  and  propagates  normals  by  traversing  the  minimal  spanning  tree  that  is  inherent  in  the 
mesh  structure.  Other  algorithms  such  as  redundant  triangle  and  mesh  self-intersecting  detection  can 
also  be  automated.  Gap  closure  can  also  be  automated  but  we  provide  the  opportunity  for  the  user 
to  inspect  the  gap  before  proceeding  with  the  closure.  We  also  provide  the  capability  to  create  an 
offset  surface  of  a  triangular  mesh  as  a  means  of  creating  a  solid  suitable  for  RP  fabrication.  This  is 
necessary  as  we  often  encounter  thin  freeform  surfaces. 


Experiments 

In  this  section  we  show  some  results  of  producing  triangular  meshes  from  reverse  engineering  data. 
First,  as  a  comparison  let  us  consider  the  point  cloud  data  of  the  familiar  IMS-T1  part  shown 
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previously  in  Figure  4.  This  data  set  was  converted  to  a  surface  model  using  algorithms  developed 
at  Daimler-Benz,  Figure  7.  This  process  required  approximately  eight  hours  and  resulted  in  a  surface 
model  that  could  be  used  to  generate  a  triangular  mesh,  Figure  8.  However,  mesh  generation  was 
not  without  problems.  This  is  because  the  correctness  of  the  reconstructed  surface  model  depended 
heavily  on  the  order  in  which  fitted  surfaces  were  extracted  from  the  point  cloud.  Surface  extraction 
order  effects  both  how  clipping  planes  are  generated  and  how  much  data  remains  available  to  describe 
the  original  topology.  Therefore,  the  generated  mesh  contained  many  errors  including  overlapping 
sections,  non-joined  sections,  and  secluded  volumes.  To  repair  these  errors  required  about  eight 
hours  of  intensive  interaction.  In  contrast.  Figure  9  shows  a  mesh  generated  directly  from  the  same 
point  cloud  data.  Time  to  complete  the  initial  triangulation  was  only  a  few  minutes  on  an  SGI  Indo 
Workstation.  An  additional  one  hour  was  required  to  complete  and  validate  the  mesh  structure. 
Correctness  of  the  resulting  topologies  can  be  seen  in  Figure  10.  Here  we  show  contours  extracted 
from  the  given  generated  meshes  compared  to  a  contour  extracted  from  the  original  CAD  model. 
The  contours  shown  are  from  the  topologically  complex  stair  region  of  the  IMS-T1  part.  The 
contour  from  the  mesh  generated  from  the  surface  reconstruction  is  inaccurate  while  the  contour 
from  the  mesh  generated  from  the  point  cloud  data  is  more  true  to  the  original  data. 


Figure  7.  Surface  model  obtained  from  the  Figure  8.  Triangular  mesh  obtained  from  the 
point  cloud  data  in  Figure  4.  surface  model  in  Figure  7. 

Lastly,  we  show  the  familiar  Mercedes-Benz  star.  Figure  1 1.  This  object  is  relatively  small  (~10cm 
diameter  and  0.5cm  in  thickness)  and,  at  first  glance,  seemingly  simple  in  geometry.  However,  the 
star  has  many  small  faceted  features  of  widely  varying  angles.  To  get  an  adequate  description  of  this 
object  required  twelve  views  resulting  in  —100,000  data  points.  Generating  a  mesh  from  these  data 
was  slightly  more  difficult  resulting  from  the  many  fine  features  because  many  of  the  surfaces  of  the 
object  meet  to  form  small  acute  angles.  The  point  cloud  data  in  these  fine  regions  become 
indistinguishable  as  the  planes  converge  because  of  the  small  distances  and  inaccuracies  in  the 
measurement.  As  a  result,  the  meshing  algorithm  generates  erroneous  triangles  in  these  regions,  thus 
leading  to  a  invalid  mesh.  Repairing  and  closing  this  mesh  required  about  one  hour.  The  closed  mesh 
is  seen  in  Figure  12. 


487 


Figure  9.  Triangular  mesh  generated  directly 
from  the  point  cloud  data  shown  in  Figure  4. 


Figure  10.  Comparison  of  contours  extracted 
from  the  original  CAD  model  and  the  meshes 
generated  from  the  reconstructed  surface  model 
(left)  and  generated  directly  from  the  point 
cloud  data  (right). 


Figure  11.  Point  cloud  data  for  the  Mercedes- 
Benz  star.  Data  is  the  result  of  twelve  views 
yielding  ~100, 000  data  points. 


Figure  12.  Triangular  mesh  of  the  Mercedes- 
Benz  start  obtained  from  the  point  cloud  data  in 
Figure  1 1 . 


Conclusions  and  Future  Work 


In  this  paper  we  have  presented  our  approach  to  creating  a  triangular  mesh  suitable  as  input  to  solid 
freeform  manufacturing  process.  This  algorithm,  along  with  a  series  of  verification  utilities,  has  been 
incorporated  into  the  central  software  module  of  the  reverse  engineering  process  loop  being 
developed  by  Daimler-Benz  for  use  in  product  development  and  manufacturing  applications.  The 
mesh  generation  software  in  its  present  form  adequately  produces  a  representation  that  is  faithful  to 
the  original  point  cloud  data.  The  associated  verification  software  has  been  used  successfully  to 
verify  Mid  repair  meshes  generated  by  our  software  as  well  as  meshes  generated  by  other  software 

packages. 

Currently  our  meshing  algorithm  does  not  handle  certain  types  of  data  very  well.  Particularly 
troublesome  is  data  with  rapidly  changing  topology  or  data  with  excessive  noise.  Complex  gaps  in 
the  mesh  as  well  as  the  stitching  of  voxels  still  produce  invalid  triangles  in  areas  of  rapidly  changing 

topology. 

In  the  future  we  would  like  to  perform  as  much  data  reduction  as  possible  prior  to  mesh  generation. 
One  approach  is  to  perform  automatic  geometric  feature  recognition  to  reduce  the  point  cloud  to  a 
minimal  representation  of  geometric  objects  and  freeform  surfaces  described  by  the  remaining  point 
cloud.  These  elements  are  easily  meshed  using  the  algorithm  described  in  this  paper.  In  addition  to 
data  reduction,  we  are  also  investigating  methods  of  mesh  reduction. 
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ABSTRACT 


Free  Form  Fabrication  (FFF)  machines  transform  objects  merely  existing  as  Os  or 
Is  in  a  computer  into  a  tangible  object.  FFF  machines  shift  the  paradigm  of  standard  2 
Dimensional  printers/paper  printouts  to  3  Dimensional  printers/volumetric  printouts  (or  3D 
hardcopies).  Currently,  this  technology  is  weakened  by  the  link  between  computers  and  FFF 
machines:  the  .STL  file,  which  contains  a  series  of  triangles  representing  the  skin  of  the  object 
to  be  prototyped.  A  prototype,  reflecting  precisely  the  evolution  of  a  concept  within  a  design 
cycle  and  allowing  a  systematic  inspection/verification,  is  essential.  A  system  responding  to 
this  need  was  designed  at  Clemson  University  for  the  inspection  and  the  correction  of  such  a 
file.  IVECS,  the  Interactive  Virtual  Environment  for  the  Correction  of  .STL  files,  is  a  tool  that 
allows  minute  surgery  to  be  performed  on  faulty  tessellated  models.  IVECS  allows  STL  files 
to  be  imported,  tessellation  errors  to  be  detected  and  automatically  or  manually  fixed.  This 
paper  expands  on  the  use  of  IVECS  for  the  inspection  and  the  correction  of  .STL  files.  It 
extends  the  usefulness  of  the  STL  format  by  allowing  designers  to  virtually  prototype  before 
actually  building  a  physical  model,  thus  contributing  to  a  shorter  design  cycle. 

INTRODUCTION 


Bad  .STL  files  have  caused  RP  users  to  develop  tools  to  correct  errors  within  .STL 
files.  These  errors  result  from  a  poor  tessellation  algorithm  that  generates  bad  models  not 
respecting  the  .STL  format.  The  .STL  file  format  [1]  defines  an  .STL  model  as  a  set  of 
triangles  forming  the  material  boundary.  It  specifies  that  an  edge  shall  be  shared  by  two  and 
only  two  triangles  and  that  each  triangle  obeys  the  right-handed  rule  (the  vertices  are  ordered 
such  that  the  cross  product  of  the  two  edges  should  give  an  outward  normal).  Clearly,  the 
triangles  should  intersect  only  at  their  edges  and  have  exactly  three  adjacent  triangles,  one 
along  each  edge.  Furthermore,  an  .STL  model  should  be  “water-tight”:  if  water  is  poured 
inside  the  model ,  it  should  not  leak.  This  is  a  necessary  condition  to  generate  a  physically  valid 
part. 
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Within  an  .STL  file,  several  types  of  errors  can  be  uncovered:  those  due  to  a  weak 
tessellation  algorithm  in  the  CAD  system  which  result  in  misoriented  facets  (e.g.  outward 
normal  not  consistent  throughout  the  model)  and  non-closed  shells  (presence  of  gaps  or  holes) 
and  others  due  to  the  CAD  user’s  ignorance  of  .STL  files  requirements  (internal  walls,  self 
intersecting  geometry).  The  internal  walls  problem  does  not  really  hinder  the  building  of  the 
part,  but  it  may  cause  problems  to  the  finished  prototype.  In  the  case  of  the  stereolithography 
process  in  which  a  laser  beam  hardens  the  resin,  the  areas  having  internal  wall  problems  are 
polymerized  twice,  resulting  in  overcure  and  possible  warpage  of  surfaces. 

PREVIOUS  WORK 

Most  tessellation  algorithms  find  their  origins  in  the  algorithms  used  by  the  CAD 
system  to  compute  solid  views  (e.g.  smooth  shaded  views).  CAD  systems  rely  at  some  point  on 
an  unevaluated,  surface-based  representation  of  solids:  roughly  all  solids  are  assembled  in 
surfaces  (The  B-Rep,  or  Boundary  Representation).  Each  surface  is  mathematically  defined 
by  afunction  of  two  variables.  These  two  variables  are  contained  within  a  finite  interval  named 
the  parameter  space.  When  a  surface  is  partially  used  within  a  CAD  model  (e.g.  it  is  trimmed), 
the  number  of  constrains  on  the  parameters  increases,  leading  to  a  more  complicated 
parameter  space  [2].  A  subdivision  algorithm  transforms  surfaces  into  triangles  by  recursively 
dividing  surfaces.  When  the  surfaces  obtained  are  flat  enough,  they  are  replaced  by  triangles. 
The  process  of  dividing  surfaces  is  a  trivial  problem  [3],  In  practice,  surfaces  are  replaced  by 
sculpted  models,  and  the  ordinary  parameter  space  becomes  increasingly  complicated  as 
surfaces  get  trimmed  across  most  of  their  edges  to  form  the  desired  geometry.  Furthermore, 
the  difficulty  of  correctly  tessellating  a  model  stems  from  boundary  curves,  which  result  from 
the  intersection  of  two  surfaces.  A  boundary  curve  belongs  to  two  adjacent  surfaces,  and  as 
such,  is  evaluated/sampled  twice  (once  for  each  surface)  during  the  tessellation.  If  the 
parameter  space  used  to  sample  the  curve  differs  slightly  from  one  surface  to  the  other, 
non-coincident  vertices  may  emerge  at  the  junction  of  the  two  surfaces. 

Rock  and  Wozny[4]  introduced  the  preliminary  steps  in  correcting  .STL  files.  The 
principle  is  that  of  inferring  topology  information  from  a  “Bucket  of  Facets”  (e.g.  the 
unordered  list  of  triangles)  which  is  achieved  using  efficient  detection  techniques  and  intuitive 
data  structures.  The  paper  presents  its  “Topology  Reconstruction  Concepts”  as  based  on  the 
merger  of  vertices,  the  creation  of  faces  and  edges,  and  by  determining  face  &  edge  relations. 
The  merger  of  vertices  consists  of  unambiguously  identifying  vertices  listed  throughout  the 
.STL  file,  and  assigning  them  a  unique  entry  pointing  to  a  list  of  vertices.  The  unambiguous 
identification  of  all  equivalent  vertices  is  difficult  to  achieve  because  of  the  round  off  error 
mentioned  earlier;  hence  the  requirement  for  a  robust  search/add  algorithm  to  be  used  with  a 
convenient  data  structure.  The  face  and  edge  creation  is  straightforward  from  this  point:  a 
triangle  and  an  edge  are  identified  as  a  combination  of  respectively  three  and  two  integers  that 
point  to  the  list  of  vertices.  Then,  the  face  and  edge  relationships  are  created.  Determining  the 
face  relationships  is  done  by  searching  faces  that  share  an  edge,  and  cross  referencing  them; 
similarly  the  edge  relationship  is  created  (edge  relationships  are  useful  while  slicing  the  part.) 
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The  information  gathered  here  (the  indexed  representation  and  the  face  relationships)  clearly 
identifies  errors  in  the  file,  and  these  serve  as  a  basis  for  many  related  papers. 

Bohn  and  Wozny[5]  presented  a  simplistic,  efficient  approach  to  the  correction  of 
errors  within  a  faulty  .STL  file.  An  intuitive  algorithm  to  correct  triangle  orientation  is 
presented,  which  is  based  on  an  indexed  representation  of  the  facets.  The  indexed 
representation  is  the  first  step  for  correcting  .STL  files,  it  consists  of  extracting  and  listing  all 
the  vertices  forming  the  comers  of  the  facets  in  a  separate  table.  Triangles  are  now  specified 
using  pointers  to  the  appropriate  vertices.  Using  this,  checking  the  orientation  of  triangles  is 
straightforwaxdithe  neighbors  of  a  triangle  made  from  vertices  #u,  #v  and  #w  must  contain  an 
indirect  permutation  of  either  #u  and  #v,  #v  and  #w  or  #w  and  #u  in  the  list  of  vertices.  The 
iterative  patching  of  triangles  over  holes  (or  punctures)  with  a  “lid-surface”  is  outlined.  Once 
a  puncture  has  been  detected,  a  closed  curve  made  from  the  free  edges  is  identified  and  is  filled 
with  facets  of  harmonious  proportions:  if  a  small  triangle  is  near  a  big  triangle,  their  common 
diagonal  is  flipped  to  create  two  equally  sized  triangles. 

Makela  and  Dolenc[6]  described  a  set  of  procedures  for  correcting  errors  in  .STL 
files,  based  on  an  adaptive  space  subdivision  data  structure.  Several  methods  to  automatically 
correct  errors  are  presented:  triangles  are  oriented  using  graph  theory  and  small  gaps  are  filled. 
Filling  gaps  attempts  to  preserve  the  local  smoothness  by  considering  the  relative  orientation 
of  triangles  rather  than  their  size  (as  did  the  previous  algorithm).  Finally,  the  authors  conclude 
by  raising  a  philosophical  issue  while  correcting  faulty  files:  the  protection  of  the  original 
intents  of  the  designer.  More  importantly,  the  authors  mention  the  difficulty  of  algorithmic 
based  approaches.  They  suggest  what  benefits  could  be  drawn  from  an  interaction  between  the 
user  and  the  system. 

More  recently,  Martin  [7]  proposed  a  public  domain  implementation  of  a 
correction  suite  for  .STL  files,  ADMESH.  The  system  performs  surprisingly  well  on  simple 
problems  (misoriented  normals  and  disjoined  edges),  but  the  patching  of  a  hole  is  a  more 
problematic  task  that  works  only  in  some  cases.  Also,  ADMESH  allows  parts  to  be  scaled, 
translated,  mirrored  and  grouped,  helping  RP  users  to  manipulate  .STL  models. 

IYECS.  THE  INTERACTIVE  VIRTUAL  ENVIRONMENT  FOR  CORRECTION  OF 
.STL  FILES 


The  primary  goal  for  IVECS  was  to  allow  users  to  virtually  have  their  “hands  on” 
.STL  models  by  proposing  the  visualization  and  the  correction  of  .STL  files.  IVECS  detects 
errors  and  points  them  out  to  the  user,  who  may  choose  to  correct  them.  IVECS’  ability  to 
automatically  solve  errors  is  limited  to  normal  orientation  problems  and  round-off  errors. 
These  two  are  performed  automatically  to  reduce  the  number  of  errors  present  throughout  the 
file,  so  that  the  user  is  solicited  solely  for  the  patching  of  holes  or  the  removal  of  extraneous 
facets  (e.g.  the  internal  walls  problems).  Mainly,  IVECS  supports  the  addition,  the  removal, 
and  the  reversal  of  facets.  Additionally,  the  offset  of  facet  is  also  proposed.  IVECS  supports 
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both  GUI  (Graphical  User  Interface)  and  a  VR  based  user  interface,  although  the  latter  does 
not  offer  a  comparable  level  of  versatility. 

IVECS  uses  Openlnventor  [8]  as  a  rendering  engine.  Openlnventor  is  available 
from  Silicon  Graphics  as  a  toolkit  designed  to  ease  the  manipulation  of  3D  objects.  The 
rendering  can  be  done  in  a  variety  of  ways:  with  hidden  lines,  to  show  the  tessellation,  flat 
shaded,  to  show  the  product  as  it  will  built  on  an  SLA  apparatus,  and  finally  smoothed,  which 
shows  the  model  with  rounded  edges,  comparable  to  a  sanded  prototype.  The  initial  goals  for 
this  system  were  to  support  the  reversal  of  a  facet,  its  removal  or  the  patching  of  a  crack  in  both 
the  virtual  environment  and  the  conventional  desktop  based  user  interface.  From  this,  and 
from  geometries  complicated  to  visualize,  several  functions  emerged.  These  functions  can  be 
separated  in  two  groups: 

•  Mode  functions:  these  set  the  system  in  a  particular  type  of  mode  such  as 
“transparent  mode”  or  “chrome  plated  mode.”  Mode  functions  are  not 
exclusive:  a  part  can  be  chrome  plated  and  transparent  at  the  same  time. 

•  Facet  functions:  these  are  the  functions  acting  on  facets.  Some  of  these 
are:reversal  of  the  normals,  removal  of  a  facet  or  creation  of  a  set  of  contours. 

On  the  left  side  of  the  rendered  view  is  the  toolbar.  The  upper  half  of  the  toolbar  is 
dedicated  to  mode  functions  while  the  lower  half  is  dedicated  to  facet  functions.  Most 
functions  offer  a  “power  user”  mode  activated  by  holding  the  shift  key  on  the  keyboard  while 
selecting  the  button.  This  “power  user”  alternative  offers  additional  control  over  each 
function.  The  upper  and  the  lower  half  of  the  toolbar  are  separated  by  the  “selection  of  facets” 
tool,  that  does  not  really  belong  to  any  of  the  previous  groups.  The  selection  of  the  facet  tool 
allows  facets  to  be  selected.  When  this  function  is  activated,  the  cursor  changes  from  an  arrow 
to  a  cross  hair;  and  a  facet  is  highlighted  (e.g.  selected)  whenever  it  is  clicked.  Also,  the 
multiple  selection  of  facets  is  allowed  when  the  shift  key  is  held  at  the  time  the  selection 
occurs,  which  results  in  several  facets  highlighted  in  red.  A  facet  gets  deselected  if  it  is  selected 
twice,  and  all  facets  are  deselected  if  the  mouse  is  positioned  and  activated  on  the  empty  space 
surrounding  the  artifact.  The  action  of  selecting  the  facets  prepares  the  input  for  the  facet 
functions.  A  set  of  facets  can  be  selected  and  the  mode  functions  can  be  accessed  without 
interfering  with  the  current  selection. 


MODE  FUNCTIONS 


The  mode  functions  consist  of:  transparent,  backface  culling,  errors,  chrome, 
virtual  reality,  vertex  and  slicing  plane.  Toggling  one  mode  on/off  usually  results  in  visible 
changes  in  the  display  area  (the  artifact  gets  rendered  differently)  and  in  the  update  of  the  icon 
placed  on  the  button  which  reflects  the  state  (on/off)  of  the  current  mode. 
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Transparent  Mode 


The  part  is  rendered  as  if  it  is  translucent  to  light,  revealing  internal  details.  The 
rendering  of  transparent  parts  uses  an  additive  blending  process,  resulting  in  a  greater  opacity 
where  many  facets  are  aligned  with  the  direction  of  sight. 


Backface  Culling  Mode 


Rendering  can  be  quickened  if  one  side  of  a  facet  is  drawn  on  the  screen.  To  achieve 
this,  an  assumption  must  be  made  on  the  side  to  render:  the  system  computes  the  outward 
normal  of  each  facet  and  determines  if  the  facet  is  visible  from  the  current  point  of  view.  When 
backface  culling  is  on,  the  misoriented  facets  are  not  rendered  correctly  (visually  behaving 
like  holes  in  the  skin  of  the  artifact).  By  contrast,  all  facets  are  rendered  when  backface  culling 
is  off.  Thus,  by  successively  turning  backface  culling  on  and  off,  misoriented  facets  clearly 
appear  in  the  rendered  area. 


Errors  Mode 


The  Errors  mode  displays  the  errors  found  in  the  .STL  file.  The  errors  are 
displayed  by  coloring  problematic  facets  with  a  shade  differentiable  from  the  overall  color  of 
the  part.  For  instance,  facets  missing  one  neighbor  are  colored  in  pink,  and  those  having  an 
extraneous  facet  are  colored  in  yellow. 


Chrome  Plated  Mode 


This  mode  makes  the  part  look  chrome  plated.  A  texture  is  placed  inside  a  sphere, 
and  the  reflection  of  that  texture  on  the  part  is  computed.  Thus  whenever  the  part  is  moved,  the 
reflection  is  recomputed.  Though  this  dynamic  texturing  scheme  is  computationally  intensive, 
it  results  in  an  increased  understanding  of  the  geometry  presented  to  the  user.  The  principles 
which  make  this  technique  so  efficient  at  grasping  most  of  the  geometric  features  in  a  single 
glance  are  based  on  surfaces  interrogation  techniques.  Surfaces  interrogation  techniques  [9] 
were  used  by  car  makers  to  match  a  stylist’s  freehand  sketch  with  the  machined  prototype  that 
emanated  from  it.  Briefly,  the  technique  consisted  of  observing  the  reflection  of  neon  lights  on 
the  polished  surface.  The  increased  amount  of  information  received  from  the  reflection  of  a 
known  pattern  on  a  polished  surface  resulted  in  an  intuitive,  natural  way  of  assessing  the 
curvature  of  a  surface.  The  chrome  effect  promotes  the  same  type  of  natural  experience  with 
the  user,  and  unexpected  waviness  resulting  from  a  poor  surface  management  at  the  CAD  level 
is  easily  flagged.  Several  type  of  textures  can  be  used:  a  scenic  view  consisting  of  flowers,  sand 
and  a  blue  sky  and  red  stripes  on  a  white  background  have  been  used  to  date. 
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Virtual  Reality  Mode 

This  mode  allows  the  user  to  use  Virtual  Reality  (VR)  based  techniques  to  interact 
with  the  system.  After  toggling  it  on,  the  user  puts  on  the  Head  Mounted  Display  (HMD)  and 
step  in  the  Virtual  Environment  (VE.)  Initially,  the  artifact  is  floating  in  the  VE.  Several 
interaction/navigation  means  have  been  established:  the  user  can  either  ‘'grab”  the  part,  enlarge 
it  to  view  details  or  navigate  around  it.  [10]  details  the  VE  interaction  techniques  used  in 
IVECS. 


Clipping  plane 

The  slicing  plane  is  a  recent  addition  to  the  system.  It  features  a  moving  plane  that 
prevents  facets  and  vertices  lying  in  its  negative  semi  space  to  be  drawn.  The  positive  semi 
space  is  defined  by  the  normal  of  this  plane,  the  negative  semi  space  being  the  other  half.  This 
plane  can  be  conveniently  oriented,  allowing  artifacts  to  exhibit  their  interiors.  Also,  it 
intuitively  simulates  the  building  process:  its  visual  reconstruction  from  bottom  to  top  helps  to 
assess  the  best  built  direction  and  eventually  confirm  the  result  obtained  later  from  a 
preprocessor  of  .STL  files.  Additionally,  an  auxiliary  editor  can  be  displayed  to  rotate  the 
clipping  plane  or  to  key  in  the  normal  of  the  clipping  plane. 


Facet  functions 


The  facet  functions  are  the  heart  of  this  system:they  allow  the  modification  of  the 
artifact  in  several  ways.  Facets  can  be  added,  deleted,  offset,  reversed,  and  color-coded 
contours  scheme  can  be  produced.  Any  of  these  functions  affects  only  the  selection,  resulting 
in  changes  in  the  internal  data  structures.  No  undo  function  is  provided,  since  an  error  can  be 
easily  recovered  by  either  recreating  a  facet  (case  of  an  accidental  deletion),  removing  it  (case 
of  the  erroneous  creation  of  a  facet)  or  “re-reversing”  it  (case  of  the  accidental  reversion  of  a 
correctly  oriented  facet).  They  often  result  in  minute  changes  in  the  geometry,  as  opposed  to 
the  immediately  observable  changes  produced  by  the  mode  functions. 


Creation  of  colored  contours 

To  help  visualize  problems,  sets  of  contiguous  triangles  are  displayed  in  different 
colors:  the  neighbors  (sharing  one  vertex)  of  a  specific  triangle  are  colored  in  red,  the 
neighbors  (“sub-neighbors”)  of  these  neighbors  are  colored  in  green,  the  next  one  in  blue,  and 
so  on,  repeating  red,  green  and  blue  patterns  concentrically  around  the  selected  triangle. 
Whenever  a  triangle  is  flagged  as  problematic,  its  insertion  in  the  current  set  of  sub-neighbors 
is  delayed  to  the  next  set  of  sub-neighbors.  Thus,  problematic  facets  break  the  color  sequence: 
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instead  of  say,  being  colored  in  green  they  are  colored  in  blue  and  the  skipped  color 
immediately  flags  the  error  and  its  effect  on  the  arrangement  of  vertices.  Also, 
non-intersecting  solids  can  be  flagged  easily:  since  these  isolated  artifacts  do  not  share 
common  vertices,  the  contours  do  not  spread  from  one  artifact  to  the  other,  resulting  in  the 
coloring  of  one  of  the  artifact  while  the  other  one  is  left  untouched.  Additionally,  the  colored 
contours  can  be  transformed  in  an  active  selection,  equivalent  to  individually  selecting  all  the 
colored  facets. 


Patching  of  a  hole 

When  filling  holes,  two  approaches  were  considered:  one  trivial  approach  was 
vertex  based  while  the  other  was  triangle  based.  In  both  cases,  the  creation  of  the  patch  was 
subject  to  a  test  ensuring  that  the  triangle  was  actually  filling  a  hole.  In  the  first  case,  once  three 
appropriate  vertices  were  selected  (that  is,  vertices  near  an  error),  a  triangle  was  computed, 
regardless  of  the  arrangement  of  the  vertices  in  space  and  allowing  erroneous  triangles 
(triangles  not  matching  the  geometry)  to  be  created.  It  appeared  that  the  adjacencies  of  the 
selected  vertices  had  to  be  considered  when  the  user  attempted  to  map  a  patch. 

An  alternate  approach  was  proposed:  instead  of  selecting  vertices,  the  user  selects  a 
pair  of  problematic  triangles  sharing  one  vertex  and  the  system  builds  a  triangular  patch  over 
the  hole  between  the  two  triangles.  If  one  (or  both)  of  the  triangles  selected  has  more  than  one 
missing  neighbors,  several  patches  could  be  computed.  In  that  case,  the  user  browses  through 
the  set  of  possible  solutions  by  repeatedly  clicking  on  the  mouse.  The  process  is  repeated  until 
the  hole  is  filled.  If  the  Errors  mode  is  on,  the  set  of  errors  will  be  updated  each  time  a  new  facet 
is  created:pink  facets  are  “moving”  around  the  remaining  holes,  and  when  the  surface  finally 
gets  closed,  they  (the  pink  triangles)  totally  disappear.  This  dynamic  update  guides  the  user 
towards  achieving  shell  closure  by  drawing  attention  on  remaining  problems  or  newly  created 
ones. 

CONCLUSION 


An  environment  to  deal  with  .STL  files  and  interactively  correct  them  has  been 
presented.  It  consists  of  both  algorithmic  tools  to  deal  with  easily  correctable  errors,  and 
interactive  tools  that  allow  minute  surgery.  A  short  overview  of  some  of  the  functions 
available  in  IVECS  expands  upon  some  of  the  techniques  used.  IVECS  offers  the  opportunity 
to  correct  erroneous  facets  in  a  relatively  short  amount  of  time,  but  more  importantly,  provides 
the  user  with  a  tool  to  virtually  prototype  before  building  a  physical  artifact.  After  using  such  a 
tool.  Rapid  Prototyping  facilities  will  increase  their  throughput  since  build  problems  will  be 
eliminated..  Additionally  the  ability  or  visualizing  a  part  in  a  VE  complements  ideally  RP 
machines  by  offering  a  “print  preview”  function  comparable  to  those  found  on  popular  word 
processors.  It  even  helps  the  designer  identify  errors  in  the  design  before  investing  in  a 
physical  prototype. 
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Introduction 

Global  competition  is  driving  manufacturers  to  significantly  reduce  the  length  of  the 
product  development  cycle  while  maintaining  product  quality.  But  this  approach  has  the 
potential  of  exposing  firms  to  huge  design  and  engineering  revision  costs,  since  even  a  modest 
revision  may  give  rise  to  a  cascade  of  new  change  requests.  It  has  been  demonstrated 
conclusively,  and  repeatedly,  that  a  work-faster  strategy  has  the  insidious  negative  effect  of 
forcing  workers  to  search  for  local  optima,  which  are  usually  ones  in  which  the  burden  is  shifted 
either  upstream  or  downstream.  A  more  plausible  strategy  is  to  work  smarter:  by  increasing  the 
amount  of  information  available  at  each  stage,  and  by  identifying  and  correcting  problems  as 
promptly  as  possible.  The  work-smarter  strategy  has  been  the  root  cause  of  the  phenomenal 
growth  of  rapid  prototyping  technologies  and  especially  solid  freeform  fabrication  (SFF),  which 
includes  such  technologies  as  stereolithography  (SLA),  selective  laser  sintering  (SLS),  laminated 
object  manufacturing  (LOM),  and  ballistic  particle  manufacturing  (BPM). 

Though  differing  in  details,  SFF  technologies  share  a  common  operational  methodology 
191.  First,  a  computer-aided  manufacturing  (CAD)  solid  model  of  the  part  is  constructed.  This 
model  defines  the  part  boundary,  which  separates  the  interior  (material)  region  from  the  exterior 
region.  Second,  the  CAD  solid  is  converted  into  a  model  in  the  STL  file  format,  which  is  a  de 
facto  standard  originated  by  3D  Systems.  The  STL  model  approximates  the  part  boundary  by 
a  set  of  polygonal  (in  fact,  triangular)  facets.  This  representation  permits  efficient  algorithms 
for  the  computation  of  planar  intersections,  but  the  number  of  polygons  needed  to  approximate 
curved  surfaces  grows  very  rapidly  with  the  geometric  complexity  of  the  surface.  STL  models 
are  also  subject  to  errors  caused  in  part  by  finite-precision  floating-point  arithmetic  111.  Third, 
the  STL  model  is  mapped  into  the  machine’s  coordinate  frame  and  then  sliced  into  vertical  cross- 
sections.  The  size  of  the  step  between  successive  slices  is  a  scalable  parameter  which  typically 
varies  from  100  to  500  micrometers.  If  the  STL  model  has  been  correctly  built,  each  slice  will 
contain  one  or  more  polygonal  regions.  The  fabrication  process  then  produces  thin  polyhedra 
with  the  required  polygonal  profiles  either  by  solidifying  liquids  or  powers  or  by  gluing  together 
solid  laminations  and  cutting  along  the  polygonal  edges. 

In  this  working  paper,  an  architecture  for  the  adaptive  control  of  solid  freeform 
fabrication  devices  will  be  sketched.  Close-loop  controllers,  such  as  proportional-integral- 
derivative  (PID)  controllers,  are  already  in  wide  industrial  use.  Adaptive  controllers  are  based 
on  a  feedforward  scheme  in  which  the  behavior  of  an  inner  close-loop  controllers  is  modified, 
or  tuned,  in  response  to  predictions  based  on  measured  changes  in  the  fabrication  environment 
111,  /8/.  Adaptive  control,  if  successful,  would  address  many  thorny  issues  of  freeform 
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fabrication,  permitting  the  identification  and  use  of  such  process  parameters  as  the  traverse  speed 
of  the  laser,  optimal  layer  thickness,  and  tolerance  bounds  on  STL  models.  Generally,  the  main 
advantage  of  adaptive  control  for  SFF  is  to  deepen  and  extend  the  predictive  validity  of 
fabricated  artifacts  for  downstream  manufacturing  processes. 


The  Quality- in- Automation  (QIA)  Project:  An  Example 

There  is  a  connection  between  freeform  fabrication  and  more  traditional  manufacturing 
technologies.  This  connection  was  stated  very  clearly  by  Chua  Chee  Kai  in  191,  "Rapid 
prototyping  systems  are  like  a  new  type  of  numerically  controlled  (NC)  tool.  Unlike  traditional 
NC,  however,  the  algorithms  needed  to  generate  rapid  prototype  programs  are  simple.  There 
are  no  tool  changes  to  make,  no  multiple  setups,  no  complex  surfaces  to  follow  and  no  pockets 
to  mill."  An  interesting  observation,  but  my  experience  with  the  NIST  Quality-in-Automation 
(QIA)  project  suggests  that  the  connection  between  NC  machine  tools  and  freeform  fabrication 
may  be  closer  than  Kai  suggests.  As  formulated  by  Yee  and  Donmez  161,  the  QIA  system  was 
designed  to  be  a  "quality  control/assurance  system  that  exploits  deterministic  manufacturing 
principles  ...  based  on  the  premise  that  most  errors  in  the  manufacturing  process  are  repeatable 
and  predictable..."  The  compensation  strategy  was  achieved  by  implementing  tool-path 
modification  of  the  machine  using  a  combination  of  kinematic,  geometric,  and  thermal  models 
of  machine-tool  errors.  These  models  were  obtained  by  pre-process  machine  characterization 
measurements  of  the  machine  tools  involved  in  this  project,  including  a  Monarch  VNC-75 
Vertical  Machining  Center  with  a  GE-2000M  CNC  controller  and  a  Monarch  Metalist  Turning 
Center  with  a  GE-2000T  CNC  controller.  The  QIA  system  supported  two  operational  modes: 
a  real-time  mode  and  a  process-intermittent  mode. 

In  real-time  mode,  the  compensation  system  monitored  the  machine  tool  and  the  metal 
cutting  process,  using  sensory  data  obtained  from  thermal,  vibration,  force,  and  ultrasonic 
sensors,  and  then  using  model-based  adaptive  machining  algorithms  to  do  error  correction  by 
modifying  the  machine  tool  path  as  well  as  the  speed  and  feed  rates.  After  the  appropriate  error 
correction  was  calculated,  as  discussed  by  Boudreaux  in  161  and  /4/,  the  required  compensations 
was  achieved  by  sending  correction  signals  to  a  specialized  electronic  device,  called  the  Real- 
Time  Error  Corrector  (RTEC),  "which  is  inserted  between  the  position  feedback  device  for  each 
axis  and  the  machine  tool  controller.  It  alters  the  feedback  signal  to  cause  the  machine  to  go  to 
a  slightly  different  position  to  compensate  for  the  predicted  errors"  161,  /10/. 

In  process-intermittent  mode,  the  compensation  system  would  identify  and  measure  part 
errors  which  were  caused  by  the  machining  process,  but  which  could  not  be  accounted  for  by 
means  of  the  deterministic  model.  For  example,  tool  deflection  or  tool  wear  often  cause  errors 
of  this  kind.  These  form  errors  were  detected  experimentally  by  on-machine  gauging  between 
the  semifinishing  and  finishing  cuts.  Once  detected,  the  errors  were  corrected  by  either  by  using 
the  RTEC  feedback  system  with  on-the-fly  (and  temporary)  modifications  of  the  error  model  for 
the  finishing  cut,  or  by  generating  a  modified  NC  part  program  (understood  to  be  coded  in 
conformity  with  EIA  RS-274-D)  for  the  finishing  cut,  as  discussed  by  Bandy  in  161. 

To  use  part  programs  in  an  error  compensation  scheme  some  consideration  must  be  given 
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to  the  methods  of  verifying  and  nominalizing  them.  Verification  is  the  simpler  of  the  two,  since 
it  can  be  accomplished  by  combining  an  elementary  syntactic  and  semantic  analysis  of  the  part 
program  with  the  creation  of  solid  geometric  model  of  the  finished  part  and  all  of  its 
intermediates.  This  solid  model  may  de  generated  by  joining  the  volumes  created  by  sweeping 
the  cutting  tool  profile  through  the  tool  path  and  then  subtracting  the  resulting  solid  from  a  solid 
model  of  the  initial  blank.  The  part  program  is  verified  if  this  solid  is  indistinguishable  from 
the  solid  CAD  model  of  the  part.  Nominalization  is  more  difficult.  In  fact,  there  is  no  general 
agreement  about  the  conditions  which  a  part  program  has  to  satisfy  in  order  to  be  accepted  as 
nominal.  The  idea  is  that  a  part  program  is  nominal  if  it  would  generate  an  exactly  accurate 
part,  satisfying  all  of  the  design  constraints,  if  it  were  executed  on  a  perfectly  conformant 
machine,  that  is,  a  machine  with  no  systematic  errors.  Since  interpolation  methods  are  important 
sources  of  non-repeatability,  it  has  been  claimed  that  a  nominal  part  program  should  only  contain 
linear  tool  paths,  and  that  all  non-linear  (circular  or  parabolic)  tool  paths  should  be  replaced  by 
a  suitable  linear  approximations.  It  has  also  been  claimed  that  the  segmentation  problem  requires 
the  off-line  programming  system  to  allow  access  not  only  to  part  programs,  but  also  to  process 
plans  and  CAD  data.  Such  a  data-rich  framework  would  allow  the  programming  system  to 
maintain  an  internal  representation  of  the  nominal  program  so  as  to  correctly  propagate  changes 
throughout  the  segments. 

The  QIA  project  suggests  the  following  provisional  sketch  of  an  adaptive  control 
architecture  for  solid  freeform  fabrication: 

Adaptive  Control  Architecture.  (1 )  The  inner,  or  core,  controller  accepts  as  command  input  any 
of  an  infinite  set  of  syntactically  well-formed  control  programs.  Under  the  action  of  an 
algorithmic  translator,  the  controller  outputs  to  the  plant  a  series  of  actuation  signals,  thereby 
causing  the  plant  to  perform  a  corresponding  series  of  motions.  In  close-loop  control  systems, 
the  controller  has  access  to  feedback  signals  which  record  measured  deviations  between  the 
commanded  and  actual  plant  output.  (2)  The  adaptive  controller  has  access  to  the  command 
input  and  feedback  signals  of  the  inner  controller,  and  also  to  environmental  parameters  whose 
measured  values  have  been  correlated  with  future  plant  performance.  Under  the  action  of  an 
algorithmic  translator,  the  adaptive  controller  may  respond  in  any  combination  of  three 
fundamental  modes: 

I.  feedback  adaptation  mode,  in  which  the  adaptive  correction  is  accomplished  by 
modifying  one  or  more  feedback  signals  (corresponding  to  the  QIA  real-time  mode); 

II.  command  adaptation  mode,  in  which  the  adaptive  correction  is  accomplished  by 
modifying  the  inner  controller’s  command  input  while  preserving  syntactic  well-formity 
(corresponding  to  the  QIA  process-intermittent  mode); 

III.  translator  adaptation  mode,  in  which  the  adaptive  correction  is  accomplished  by 
modifying  the  inner  controller’s  translation  algorithm. 

The  third  mode  poses  possibilities  which  are  often  discussed  in  the  context  of  control  systems 
based  on  neural  net,  fuzzy  logic  or  genetic  algorithm  technology  111,  ISI.  To  make  further 
progress,  the  notion  of  programmable  devices  will  need  to  be  considered  more  carefully. 
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A  Theory  of  Programmable  Devices 


Devices  are  pieces  of  capital  equipment  that  are  used  to  modify  the  position,  shape,  size 
or  material  condition  of  manufactured  parts.  Examples  of  devices  include  numerically  controlled 
machines,  programmable  fixtures,  tool-changing  devices,  robots,  and  also  the  freeform 
fabrication  devices  mentioned  above.  More  precisely,  a  device  is  an  piece  of  capital  equipment 
which  (1)  may  be  resolved  into  finitely  many  coupled  components,  each  of  which  is  itself  a 
device,  (2)  has  the  capacity  to  perform  a  finite,  but  extensible,  collection  of  industrially 
significant  operations,  and  (3)  may  occupy  any  of  a  finite  number  of  operational  states.  The  first 
point  says  that  devices  may  be  nested  within  other  devices,  forming  structures  which  resemble 
connected  graphs.  Since  all  devices  have  characteristic  operations,  industrial  devices  must 
support  a  concurrent,  distributed  processing  model.  That  is,  every  device  operation  reduces  to 
a  series  of  concurrent  operations  by  its  component  devices,  the  relative  motions  of  which  are 
precisely  orchestrated.  The  controller  converts  these  commands  into  a  precisely  structured 
sequence  of  signals  to  the  actuation  system.  Thus,  any  realistic  theory  of  devices  must  include 
an  identification  of  the  set  of  elementary  or  stereotypic  motions  that  the  device  is  able  to 
produce,  and  also  the  definition  of  a  method  for  combining  elementary  motions  into  more 
complicated  motions. 

A  device  is  programmable  if  every  motion  in  its  behavioral  repertory,  however 
complicated,  may  be  produced  as  a  response  to  a  well-formed  combination  of  input  commands 
to  the  inner  controller.  There  is  a  close  connection  between  a  industrial  programmable  device 
and  I/O  devices  such  as  floppy  disk  drives  or  printers.  The  behavior  of  disk  drives  or  printers 
is  defined  in  terms  of  the  programmed  commands  that  then  can  be  given.  For  example,  a  disk 
drive  can  be  commanded  to  open  a  file  or  to  access  a  location  in  a  file  and  return  a  piece  of 
data,  but  neither  command  can  be  given  to  a  printer,  which  can  only  be  commanded  to  perform 
text  or  graphics  output  operations.  A  programmable  device  may  require  non-programmed 
machine-tending  actions  on  the  part  of  an  operator.  For  example,  the  part  to  be  machined  may 
need  to  be  properly  fixtured  or  the  cutting  tools  mounted  in  the  turret,  but  these  operations  are 
no  different  in  principle  loading  paper  into  the  printer  or  putting  a  floppy  disk  in  the  disk  drive. 

Command  expressions  can  be  represented  as  a  single  phrase,  consisting  of  a  main  verb, 
the  symbolic  representation  of  the  operation,  and  an  optional  list  of  one  or  more  modifiers  / 5/ . 
For  example,  if  a  suitable  coordinate  frame  has  been  defined,  then  one  might  imagine  that  a 
command  of  the  form: 

(HOVE  (TO  #(1.0  2.5  -1.0))  ) 

would  cause  a  motion  from  an  initial  position  to  the  position  specified  in  the  TO  clause, 
provided  the  specified  position  is  in  the  work  volume  of  the  machine  tool.  Without  further 
qualification,  the  point-to-point  specification  of  the  motion  permits  an  enormous  range  of 
acceptable  path  geometries.  This  range  may  be  reduced  by  additional  parametrization  of  the 
command.  If  one  associates  commands  with  actions  by  using  a  template  mechanism,  then  the 
template  mapping  algorithm  would  take  all  of  the  parameters  into  account  when  generating  the 
native  language  of  the  device  controller  13  f.  The  semantic  interpretation  of  a  parametrized  verb 
phrase  is  the  range  of  behavior  which  that  phrase  would  cause  if  it  were  carried  out  by  any 
appropriately  configured  device. 
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A  Computational  Framework 


The  task  of  any  programming  language  for  automated  manufacturing  is  to  provide  a 
uniform  programming  language  environment  for  the  construction  of  control  interfaces  to 
industrial  manufacturing  processes,  and  an  integrated  system  of  software  tools  for  translating 
product  design  and  process  planning  specifications  into  equipment-level  control  programs.  To 
provide  support  for  the  information  requirement  of  programmable  devices,  an  experimental  Lisp- 
based  programming  language,  called  AMPLE  151.  This  system  was  built  in  the  mid  1980s  for 
use  in  the  NIST  Automated  Manufacturing  Research  Facility  (AMRF)  and  was  also  used  to 
design  the  QIA  Quality  Controller  described  above  /4/,  /10 /. 

AMPLE  is  an  interpreted  language.  The  behavior  of  the  interpreter  may  be  described 
as  an  infinite  loop:  (1)  read  an  expression  from  an  input  stream,  (2)  evaluate  the  expression  in 
the  context  of  the  symbolic  environment  (an  ordered  list  of  symbol/value  pairs),  and  then  (3) 
write  the  expression  resulting  from  the  evaluation  to  an  output  stream.  The  domain  of  AMPLE 
expressions  is  very  simple.  There  are  atomic  expressions,  including  characters,  strings,  integers, 
floating  point  numbers,  complex  numbers,  and  arrays.  When  the  interpreter  is  given  any  of 
these  expressions  to  evaluate,  it  returns  the  expression  itself.  Symbols  are  atomic  expressions 
which  has  a  more  complicated  role.  When  the  interpreter  is  given  a  symbol,  the  evaluation 
procedure  tries  to  match  the  symbol  with  the  all  of  the  entries  in  the  symbolic  environment.  If 
a  match  is  found,  then  value  corresponding  to  the  symbol  is  returned.  If  there  is  no  match 
found,  then  the  interpreter  returns  a  message  to  that  effect.  In  addition  to  atoms,  the  only  other 
class  of  expressions  are  lists.  When  the  interpreter  is  given  a  list  to  evaluate,  it  assumes  that 
the  expression  is  the  application  of  a  function,  which  must  be  the  first  component  of  the  list,  to 
the  interpreted  values  of  the  arguments,  which  must  be  the  remaining  components  of  the  list. 
The  value  obtained  is  then  returned  as  the  value  of  the  original  list. 

The  value  of  an  expression  depends  upon  the  operation  of  the  interpreter  and  the  current 
content  of  the  symbolic  environment.  When  initiated,  AMPLE  comes  supplied  with  a  set  of 
primitive  functions  and  variable  symbols.  This  primitive  environment  may  be  dynamically 
altered  by  subsequent  operations  of  the  interpreter.  As  explained  in  151,  some  functions,  when 
evaluated,  cause  new  symbol/value  pairs  to  added  to  the  environment.  For  example,  the 
evaluation  of  an  assignment  expression  can  cause  the  symbol  pi  to  be  added  with  the  associated 
value  3.14159,  or  the  evaluation  of  a  function  definition  expression  can  cause  a  new  function 
to  be  added.  All  symbolic  environments  are  persistent  objects  which  can  be  stored  in  external 
files  and  then  loaded  back  when  needed.  The  normal  effect  of  reloading  an  environment  is  to 
restore  the  prior  configuration,  which  means  that  AMPLE  programming  is  focused  on  the 
construction  of  snap-on  workspaces.  Many  workspaces  have  been  developed,  three  of  which  are 
directly  relevant  to  the  topic  of  this  paper:  concurrency,  code  generation,  and  real-time 
processing. 

Concurrency.  There  are  two  different  issues  that  an  industrial  programming  system 
must  resolve:  what  operation,  or  operation  sequence,  needs  to  be  performed,  and  when  must  the 
operations  be  initiated  and  terminated.  The  program  needs  to  specify  both  the  operations  and  the 
order  in  which  the  operations  need  to  be  done.  Since  a  single  device  may  actually  contain 
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several  controllers,  and  thus  different  operations  can  be  executed  concurrently,  an  efficient 
representation  of  these  programs  is  by  means  of  directed  graphs  (digraphs). 

A  set  of  basic  functions  for  concurrency  has  been  defined  by  Hoare  /7/:  spawn  causes 
a  new  process  to  be  created  and  added  to  the  list  of  active  processes,  block  causes  a  process  to 
be  unavailable  for  further  processing  by  removing  it  from  the  active  list,  activate  restores  a 
blocked  process  to  the  active  list,  and  alt,  when  given  a  set  of  alternatives,  causes  one  of  them 
to  be  selected.  In  addition,  the  function  par  causes  agents  to  bring  about  explicit  parallelism. 
When  par  is  applied  to  a  sequence  of  processes,  called  children,  the  process  containing  the 
occurrence  of  par  being  executed,  called  the  parent,  is  immediately  blocked.  The  children  are 
concurrently  spawned,  and  are  then  processed  in  the  manner  just  defined.  When  all  of  the 
children  have  successfully  terminated,  and  only  then,  the  parent  is  reactivated.  In  many 
situations  it  is  necessary  for  processing  agents  to  coordinate  their  behavior.  This  is  accomplished 
by  means  of  communication  channels.  These  are  special  processes  which  are  used  as  structural 
members  in  order  to  establish  a  communication  link  between  two  or  more  processing  agents, 
some  of  which  want  to  participate  in  an  input  event,  and  others  in  an  output  event.  For 
example,  suppose  that  there  is  a  Boolean-valued  symbol,  say  idle,  in  the  symbolic  environment 
which  is  to  be  used  to  hold  the  current  operating  condition  of  a  NC  machine.  This  can  be 
implemented  by  communication  channels.  The  NC  machine,  actually  a  processing  agent  going 
proxy  for  the  machine,  is  allowed  to  participate  in  output  events  with  respect  to  idle,  and  any 
of  a  number  of  agents  may  participate  in  input  events.  The  channel  enforces  a  hand-shake 
discipline,  that  is,  when  the  machine  agent  needs  to  output  to  idle,  it  acquires  the  output  port, 
blocks  all  other  input-requesting  agents  from  acquiring  the  input  port.  The  agent  then  updates 
idle  and  releases  both  the  input  port  and  the  output  port.  If  input-requesting  agents  are  blocked, 
either  by  an  update  in  process  or  by  other  inputing  agents,  they  may,  at  their  own  option,  either 
queue  up  to  peek  at  idle  or  simply  go  about  their  business.  This  example  shows  that 
communication  channels  provide  an  elegant  way  to  implement  device  states. 

Code  Generation.  A  code  generator  is  a  program  which  translates  high-level  device 
actions  into  low-level  application  programs  in  the  device  controller’s  native  language.  Code 
generation,  which  encourages  effective  re-use  of  existing  control  programs,  is  typically  carried 
out  in  three  stages.  The  first  stage  consist  in  the  elaboration  of  precise  definitions  for  the  target 
family  of  devices.  These  definitions  should  group  devices  into  classes  based  on  their 
components,  the  operations  that  they  can  be  commanded  to  perform,  and  their  operating  states. 
The  second  stage  consists  of  the  development  of  a  library  of  program  templates,  each  of  which 
has  been  constructed  by  inserting  parameters  within  carefully  chosen  fragments  of  control 
programs.  The  third,  and  last,  stage  is  the  definition  of  combinatorial  rules  for  stringing 
templates  together  and  uniformly  replacing  the  embedded  parameters  with  appropriate  values. 

There  are  many  possible  template  processors  techniques.  One  requires  a  distinction 
between  a  context,  which  is  a  linear  sequence  of  characters,  and  algorithms  or  chunks  of 
executable  code,  which  are  embedded  within  the  context  and  whose  interaction  with  it  can  be 
very  complicated.  The  embedded  code  is  prefixed  by  a  selected  special  character,  such  as  the 
at-sign  @.  The  template  processor  scans  each  character  in  the  source  file  in  the  normal 
left-to-right  order  and  writes  the  character  to  the  target  file.  When  a  special  symbol  is 
encountered,  the  template  processor  assumes  that  it  is  immediately  followed  by  a  legal 
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expression,  which  is  to  be  passed  to  the  interpreter  for  evaluation.  The  output  to  the  target  file 
is  determined  in  the  course  of  the  evaluation  of  the  embedded  expression.  In  general,  all 
template  processors  must  include  a  completely  unambiguous  algorithmic  presentation  of  the 
mapping  function  which,  given  any  legal  template  and  (possibly)  any  legal  responses  from 
external  information  sources,  will  generate  the  target  text  in  a  deterministic  manner. 

Real-Time  Processing.  Since  all  interpretive  systems,  need  to  reclaim  memory,  a 
process  called  garbage  collection,  which  is  a  time  consuming  procedure,  the  interpreter  has  to 
have  an  internal  real-time  processor  (rtp).  This  processor  is  a  programmable  module,  acting 
as  a  (virtual)  coprocessor  of  the  AMPLE  interpreter.  The  rtp  has  a  limited  operation  set  but  a 
sophisticated  set  of  data  structuring  capabilities.  This  processor  needs  to  address  two  conflicting 
design  goals:  it  must  be  able  to  execute  at  very  nearly  compiled  language  speeds,  and  it  must 
have  direct  access  to  objects  dynamically  created  by  the  interpreter.  This  conflict  can  be 
resolved  by  using  special  off-line  programming  services  to  build  the  objects,  which  are  then 
accessed  and  updated  using  the  special  access  functions  within  rtp.  Moreover,  to  prevent 
garbage  collection,  the  access  and  update  functions  must  never  cause  the  allocation  of  any  free 
memory  cells. 

Every  rtp  is  linked  to  external  consumer  systems  through  ports.  A  port  is  a  finite 
sequence  of  bytes  which  represent  the  remote  communication  between  these  systems  together 
with  a  protocol  which  defines  input  and  output  behaviors  of  both  systems.  A  clear  example  is 
a  communication  system  in  which  one  system,  call  it  the  target,  writes  instantaneous  position 
information  and  reads  correction  signals,  and  the  second  system  reads  the  position  signal  and 
writes  the  correction  signal. 

Any  answer  returned  by  rtp  can  be  assessed  in  terms  of  its  mathematical  correctness,  but 
real-time  computing  places  an  additional  burden:  the  assessment  of  correctness  also  depends  on 
a  payoff  function.  For  example,  hard  real-time  systems  are  those  whose  payoff  is  a  non-zero 
constant  value  if  the  correct  value  is  returned  within  the  allowed  interval,  and  0  everywhere  else. 
In  this  case,  there  is  a  constant  payoff  for  an  answer  delivered  within  the  interval,  but  once  the 
time  interval  has  past,  the  answer  has  no  value  at  all.  A  different  payoff  function  might  support 
different  strategies.  For  example,  given  a  payoff  function  with  a  non-zero  initial  value  which 
slowly  approaches  0,  then  there  would  always  be  at  least  a  small  advantage  to  returning  an 
answer. 


Discussion 

The  control  problem  for  solid  freeform  fabrication  devices  has  two  classical  aspects:  the 
identification  of  basic  operations,  and  the  definition  of  a  methodology  for  modifying,  or 
adapting,  these  processes  to  specific  situations.  It  has  been  proposed  in  this  paper  that  the 
computationally  difficult  part  of  this  problem  can  be  handled  by  an  very-high-level  interpretive 
adaptive  control  architecture.  This  adaptive  control  family  behaves  as  a  system  with  a  modal 
switch  so  that  adaptation  may  be  accomplished  by  modifications  of  the  feedback  system  or  the 
command  system,  both  of  which  have  been  extensively  investigated,  or  by  structural 
modifications  of  the  translation  system  of  the  inner  controller,  which  is  the  most  difficult  case. 
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Until  now,  systems  with  this  capacity  have  been  based  upon  either  neural  nets,  fuzzy  logic,  or 
the  genetic  algorithm.  For  example,  a  neural  net  consists  of  a  network  of  active  elements,  called 
neurons.  Each  neuron  may  have  several  input  connections,  but  all  have  only  one  output.  Each 
input  connection  has  an  assigned  weight.  The  value  returned  by  each  neuron  is  determined  by 
multiplying  each  input  value  by  its  associated  weight,  summing  these  products  together,  and  then 
by  applying  a  sigmoid  function  to  the  computed  sum.  In  this  case,  adaptation  is  a  matter  of 
updating  (that  is,  incrementally  revising)  the  associated  weights.  The  adaptive  control 
architecture  sketched  in  this  working  draft  suggests  an  approach  to  this  problem  through  the 
design  and  implementation  of  what  might  be  called  an  adaptation-instrumented  command 
translator. 
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Abstract 

Residual  stress  build-up  due  to  successive  deposition  of  superheated  molten  metal  onto 
metal  substrates  is  modeled  for  application  to  layered  manufacturing  methods.  This  work  is 
specifically  applied  to  microcasting,  which  is  a  deposition  process  used  within  shape  deposition 
manufacturing.  One-dimensional  thermal  and  mechanical  models  are  used  to  predict  temperature 
and  stress  evolution  related  to  two  physical  phenomena.  First,  the  effect  of  thermal  cycling  by 
newly  deposited  material  on  stress  states  in  previously  deposited  and  cooled  layers  is  investigated. 
Here,  deposited  molten  metal  solidifies  and  cools  to  room  temperature  before  new  molten  metal  is 
deposited.  For  this  case,  predicted  stress  distributions  as  a  function  of  depth  are  relatively 
uncomplicated  and  can  be  related  to  residual  stress-induced  part  tolerance  loss.  In  the  second  case, 
the  effect  of  localized  preheating  by  previously  deposited  material  is  investigated.  In  this  model, 
molten  metal  is  successively  deposited  at  a  rate  comparable  to  that  used  to  deposit  individual 
droplets  in  the  microcasting  process.  Results  indicate  that  although  preheating  by  previously 
deposited  material  strongly  affects  transient  stresses,  final  stress  states  are  not  substantially  altered. 

Introduction 

A  common  characteristic  of  many  layered  manufacturing  methods  is  the  successive 
deposition  of  molten  material.  In  such  processes,  the  subsequent  solidification  and  cooling  of 
deposited  material  leads  to  differential  thermal  strains  and  the  build-up  of  residual  stress. 
Undesirable  effects  of  residual  stresses  can  include  part  warping,  loss  of  edge  tolerance  and 
delamination  between  deposited  layers.  In  parts  subjected  to  applied  loads,  residual  stress  can  also 
reduce  apparent  strength  and  service  life.  Ultimately,  in  order  to  control  the  undesirable  effects  of 
residual  stresses  through  process  changes  and  part  design  changes,  it  is  necessary  to  understand 
how  such  stresses  build  up  during  manufacture. 

Although  the  problem  of  residual  stress  build-up  is  inherent  in  any  process  involving 
successive  deposition  of  molten  material,  attention  is  focused  in  this  paper  on  modeling  stress 
evolution  in  shape  deposition  manufacturing  (SDM).  SDM  is  distinct  from  other  layered 
manufacturing  processes  in  that  it  aims  to  directly  build  fully  dense,  functional  metal  parts  to 
machined  tolerances  (Merz  et  al.,  1994).  After  each  layer  is  deposited,  it  is  machined  to  specified 
dimensions  prior  to  deposition  of  the  next  layer.  Other  processing  operations,  such  as  shot 
peening,  can  also  be  incorporated  into  the  manufacture  of  a  part.  Within  SDM,  a  process  for 
depositing  layers  is  required.  The  principal  deposition  process  currently  in  use  is  termed 
microcasting,  in  which  large  (1-5  mm  in  diameter)  droplets  of  molten  material  are  deposited  onto 
existing  material  which  is  at  or  near  room  temperature. 

The  goal  of  this  work  is  to  model  successive  deposition  of  superheated  molten  metal  onto  a 
metal  substrate.  In  the  next  section,  one-dimensional  thermal  and  mechanical  models  are  described 
which  are  used  to  study  material  deposition  at  two  rates.  Results  are  then  presented  for  the  case  of 
material  deposition  occurring  at  a  slow  rate,  such  that  existing  material  has  reached  a  uniform  room 
temperature  before  new  material  is  deposited.  These  results  are  used  to  investigate  how  mechanical 
stress  states  in  existing  layers  of  material  are  altered  by  the  deposition  of  newly  applied  layers.  A 
second  set  of  results  is  then  presented  for  the  case  of  material  deposition  occurring  at  a  rate 
comparable  to  that  at  which  droplets  are  deposited  during  microcasting.  These  results  are  used  to 
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examine  the  thermal  issue  of  localized  preheating  by  previously  applied  droplets  and  the  effect  of 
this  preheating  on  residual  stresses. 


Model  Description 

Figure  1  shows  a  schematic  of  the  one-dimensional  thermal  and  mechanical  models  used  in 
this  study.  The  models  consist  of  a  substrate  which  is  12.7  mm  thick  and  five  deposited  layers, 
each  having  a  thickness  of  0.8125  mm.  These  dimensions  match  substrate  and  droplet  thicknesses 
typical  for  microcasting.  The  thermal  model  used  is  explicitly  one-dimensional  and  the  mechanical 
model  used  is  axisymmetric,  with  appropriate  boundary  conditions  used  to  render  the  stresses  at 
any  time  a  function  of  the  axial  (z)  coordinate  only. 


z 


uz  =  0 
T=  Tmit 


Add  Layers 


Add  Droplets 


Figure  1.  Thermal  and  Mechanical  Models  and  Physical  Problems  Studied 


The  approach  used  in  this  study  is  to  first  obtain  a  thermal  solution  and  to  then  use  the 
temperature  solution  as  an  input  to  the  mechanical  model.  In  the  mechanical  model,  loading  is 
caused  by  differential  thermal  strains.  Mechanically  induced  temperature  changes  are  assumed  to 
be  negligible.  The  ABAQUS  finite  element  package  is  used  with  thermal  elements  and  stress 
elements  having  a  quadratic  interpolation  of  temperatures  and  displacements.  The  mesh  resolution 
in  the  z  direction  is  the  same  for  each  of  the  models.  The  thickness  of  each  deposited  layer  is 
discretized  by  10  elements  of  equal  size  and  the  substrate  contains  18  elements  through  its 
thickness.  The  substrate  mesh  is  strongly  biased  toward  the  top  of  the  substrate.  In  this  study,  the 
deposition  of  medium  carbon  steel  onto  a  medium  carbon  steel  substrate  is  examined. 


In  the  thermal  model,  boundary  conditions  modeling  convection  to  the  surroundings  and 
radiation  from  a  heat  source  (the  welding  torch  for  melting  feedstock  wire  to  create  droplets)  are 
imposed  on  the  top  surface  of  the  newly  deposited  layer  (Fig.  1).  The  convection  heat  transfer 

coefficient,  h,  is  specified  as  5.3  W/m2-K,  the  ambient  temperature,  Tamb>  Is  323  K  and  the 

radiation  heat  flux,  qra(],  is  specified  as  2092  W/m2.  The  ambient  temperature  is  higher  than  room 
temperature  because  of  the  nearby  heat  source.  These  temperatures  and  thermal  properties  follow 
those  used  by  Amon  et  al.  (1996).  Initial  temperatures  used  in  the  model  are  2573  K  for  the  molten 
material  (which  is  typical  for  microcasting  of  carbon  steel)  and  303  K  (room  temperature)  for  the 
substrate.  At  the  bottom  of  the  substrate,  a  fixed  temperature  equal  to  the  initial  temperature  is 
imposed.  The  temperature-dependent  thermal  conductivity,  specific  heat  and  diffusivity  used  are 
based  on  data  from  Allard  (1969)  and  Touloukian  (1967)  and  are  applicable  to  a  low  to  medium 
carbon  steel.  The  carbon  steel  is  modeled  as  having  a  liquidus  temperature  of  1770  K,  a  solidus 
temperature  of  1716  K  and  a  latent  heat  of  fusion  of  272  kJ/kg. 


In  the  mechanical  model  the  top  of  the  droplet  is  traction-free,  with  no  imposed 
displacement  constraints  (Fig.  1).  The  centerline  is  constrained  to  have  zero  radial  displacement. 
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while  the  outer  wall  is  constrained  to  expand  (or  contract)  uniformly  in  the  radial  direction.  A 
condition  of  zero  axial  (z)  displacement  is  applied  at  the  bottom  of  the  model.  Because  this  model 
maintains  straight  vertical  edges  and  a  flat  substrate  bottom,  deposition  under  the  constraint  of  no 
bending  deformation  is  modeled.  In  the  microcasting  process,  parts  are  built  on  a  large  pallet 
which  is  very  stiff  in  bending.  Because  the  right  edge  of  the  model  is  free  to  expand  or  contract 
uniformly,  the  net  radial  force  equals  zero.  These  boundary  conditions  and  the  absence  of  radial 
temperature  variation  lead  to  a  biaxial  stress  state  CJn-(z)  =  O00(z)  with  all  other  stresses  equal  to 
zero.  The  stress  distribution  at  any  time  is  therefore  fully  described  by  a  plot  of  an-  vs.  z. 

The  temperature-dependent  Young’s  modulus  used  in  the  mechanical  model  is  from  data  of 
Thomas  et  al.  (1987),  while  the  temperature-dependent  linear  thermal  expansion  coefficient  is  taken 
from  the  ASM  Metals  Reference  Book  (1981).  To  account  for  time-dependent  creep 
deformation,  a  secondary  (steady-state)  creep  law  for  a  medium  carbon  steel  in  the  austenitic  phase 
is  used.  It  is  given  by  Thomas  et  al.  (1987)  as 

e  =  A(sinh(B<j))nexp^-Yj , 

where  e  =  equivalent  creep  strain  rate  in  seconds'1 

<7  =  Mises  equivalent  stress  in  MPa 

T  =  temperature  in  K 

A  =  907  x  1010 

In  this  study,  time-independent  plasticity  is  not  modeled.  Through  its  stress  dependence, 
however,  the  creep  law  in  (1)  approximately  models  temperature-dependent  yielding  without  strain 
hardening.  For  example,  at  room  temperature  (303  K),  a  stress  of  400  MPa  results  in  a  strain  rate 
of  2.8  x  10'7  /s.  As  the  stress  is  increased,  the  strain  rate  increases  significantly.  For  example,  at 
a  stress  of  430  MPa  the  strain  rate  equals  5.1  x  10'3/s.  Because  a  strain  rate  of  2.8  x  10'7  /s  will 
result  in  insignificant  stress  relaxation  under  displacement  controlled  conditions,  400  MPa  is  a 
reasonable  definition  for  an  effective  yield  stress  at  room  temperature  based  on  the  creep  law  in  (1). 

The  thermal  and  mechanical  models  described  above  can  be  used  to  examine  two  types  of 
physical  problems,  which  are  illustrated  in  Fig.  1.  First,  these  models  can  be  used  to  simulate 
temperature  and  stress  evolution  for  the  deposition  of  entire  layers  onto  existing  layers  of  a  part  and 
the  substrate  it  is  built  upon.  The  results  would  be  exact  for  the  case  of  a  part  with  insulated  sides 
and  with  free  edges  constrained  to  displace  uniformly  in  the  radial  direction,  but  they  are  also 
reasonable  away  from  the  free  edges  in  a  part  built  to  be  constrained  from  bending  deformation.  In 
relating  this  type  of  model  to  microcasting,  effects  associated  with  the  drop-by-drop  deposition  of 
individual  layers  are  neglected;  however,  such  a  model  can  give  insight  into  how  stresses  develop 
on  a  layer  level.  Second,  as  noted  in  Chin,  Beuth  and  Amon  (1996),  the  thermal  and  mechanical 
models  schematically  illustrated  in  Fig.  1  can  also  be  used  to  approximate  conditions  near  the 
centerline  of  deposited  droplets,  where  each  droplet  has  a  height  that  is  small  compared  to  its 
radius.  For  such  droplet  geometries,  the  radial  displacement  becomes  increasingly  uniform  in  the  z 
direction  and  the  heat  transfer  into  the  substrate  becomes  increasingly  axial  as  the  centerline  is 
approached. 

Recognizing  the  two  physical  interpretations  outlined  above,  thermal  and  mechanical 
models  are  used  in  this  paper  to  study  two  cases  which  differ  in  deposition  rate.  In  the  first  case 
(related  to  the  first  physical  interpretation),  existing  material  is  allowed  to  cool  to  room  temperature 
before  new  material  is  deposited.  Results  from  this  modeling  are  used  to  investigate  how 
deposition  of  new  material  layers  alters  residual  stress  states  in  existing  layers.  In  the  second  case, 
new  material  is  deposited  onto  material  that  has  not  had  time  to  cool  to  room  temperature,  at  a  rate 
comparable  to  that  used  to  deposit  droplets  in  the  microcasting  process.  Results  from  this 


(1) 

B  =  0.0356 
C  =41938 
n  =6.9 
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modeling  are  used  to  investigate  how  local  preheating  due  to  a  previously  deposited  droplet  affects 
stress  evolution  in  droplets  deposited  on  top  of  it.  Although  microcast  droplets  are  typically 
deposited  adjacent  to  each  other,  these  results  provide  insight  into  multiple  droplet  deposition 
without  having  to  resort  to  three-dimensional  modeling.  In  both  cases,  deposition  is  onto  a 
substrate  that  is  initially  stress-free  and  at  room  temperature. 

Transient  Results 

In  this  section,  transient  temperature  and  stress  results  are  presented  for  successive 
deposition  of  two  layers  or  droplets  of  carbon  steel  onto  a  carbon  steel  substrate.  Results  for 
deposition  of  succeeding  layers  or  droplets  show  similar  trends.  In  the  next  section  of  this  paper, 
final  stress  results  are  presented  for  the  deposition  of  a  total  of  five  layers  or  droplets. 


Slow  Deposition 

For  the  case  of  a  slow  rate  of  material  deposition,  Figs.  2  and  3  illustrate  transient 
temperature  and  radial  stress  distributions  due  to  deposition  of  a  first  layer  of  superheated  carbon 
steel  onto  a  stress-free  room  temperature  carbon  steel  substrate.  In  the  figures,  temperatures  and 
stresses  are  plotted  as  a  function  of  the  axial  (z)  coordinate  at  discrete  times.  An  axial  coordinate  of 
zero  represents  the  location  of  the  interface  between  the  substrate  and  the  deposited  material.  The 
substrate  has  a  negative  coordinate  and  the  deposited  material  has  a  positive  coordinate. 
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Figure  2.  Transient  Temperatures  for 
Deposition  of  a  Single  Layer 


Figure  3.  Transient  Radial  Stresses  for 
Deposition  of  a  Single  Layer 


As  shown  in  Fig.  2,  heat  conducted  from  the  molten  material  into  the  substrate  initially 
raises  the  temperature  of  the  top  portion  of  the  substrate  hundreds  of  degrees  K  (see  t  =  0.08  s). 
Because  this  high  temperature  region  is  constrained  against  free  expansion  by  the  remainder  of  the 
substrate,  this  leads  to  compressive  stresses  (Fig.  3).  As  shown  by  the  plot  for  t  =  0.08  s  in  Fig. 
3,  inelastic  straining  occurs  while  the  substrate  is  under  compression  at  elevated  temperatures, 
limiting  the  magnitude  of  the  compressive  stresses  at  the  very  top  of  the  substrate.  After  the 
substrate  material  reaches  its  maximum  temperature,  which  differs  for  each  location,  it  begins  to 
cool  but  is  constrained  from  freely  contracting.  As  this  happens,  the  stress  state  in  the  top  of  the 
substrate  turns  from  compression  to  tension  (see  Fig.  3  at  t  =  0.50  s  and  t  =  5.00  s).  To  maintain 
zero  net  radial  force,  the  stresses  in  the  bottom  of  the  substrate  become  compressive.  Tensile 
stresses  build  up  in  the  deposited  layer  due  to  constrained  thermal  contraction,  but  their  magnitude 
at  early  times  is  limited  by  stress  relaxation  due  to  high  temperature  creep.  As  the  temperature 
decreases  further,  the  combination  of  further  constrained  thermal  contraction  and  a  diminished  role 
of  creep  deformation  increases  the  magnitude  of  tensile  stresses  in  the  layer.  The  final  stress  state 
consists  of  tensile  stresses  of  large  magnitude  (near  yield)  in  the  deposited  layer,  which  also  extend 
to  a  depth  of  approximately  5  layer  thicknesses  into  the  substrate.  The  time  to  reach  a  steady-state 
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thermal  condition,  defined  in  this  study  as  the  time  it  takes  for  all  portions  of  the  model  to  be  at  or 
below  307  K,  is  approximately  30  seconds. 

In  the  slow  deposition  rate  simulations,  layer  2  is  deposited  after  both  layer  1  and  the 
substrate  cool  to  steady  state.  Except  for  the  effect  of  the  addition  of  the  thickness  of  the  first 
deposited  layer  to  the  thickness  of  the  substrate,  thermal  results  for  deposition  of  the  second  layer 
are  identical  to  those  for  deposition  of  the  first  layer  (Fig.  2).  Therefore  the  transient  temperature 
distributions  for  additional  layers  are  not  shown. 


Figure  4  provides  plots  of  radial  stress  as  a  function  of  the  axial  coordinate,  z,  at  discrete 
times  during  deposition  of  a  second  layer.  The  initial  stress  distribution  in  the  substrate  and  first 
layer  is  simply  the  final  stress  distribution  shown  in  Fig.  3.  In  Fig.  4  it  is  evident  that  at  early 
times  (see  data  for  t  =  0.08  s),  heat  from  the  newly  deposited  second  layer  conducts  into  the  first 
layer  and  the  top  of  the  substrate,  relieving  the  large  residual  tensile  stresses  there  and  placing  this 
region  into  compression.  The  compressive  stresses  do  not  extend  as  deeply  into  the  existing 
material  as  they  do  at  a  similar  time  in  Fig.  3.  At  later  times,  however,  stress  distributions  in  Fig. 
4  become  increasingly  similar  to  those  in  Fig.  3.  At  steady  state,  the  stress  distribution  is  almost 
identical  to  the  steady-state  stress  distribution  shown  in  Fig.  3,  with  a  similar  tensile  zone  present 
in  the  deposited  material  and  the  top  of  the  substrate.  The  tensile  zone  has  moved  upward  slightly, 
however,  compared  to  that  in  the  initial  stress  distribution.  Thus,  although  the  initial  stress  state 
present  in  depositing  a  second  layer  alters  stress  distributions  at  early  times,  the  final  stress 
distributions  are  only  slightly  different. 


Figure  4.  Transient  Radial  Stresses  for  Slow 
Deposition  of  a  Second  Layer 


0  25  50  75  100  125  150  175 

Time  (Sec) 

Figure  5.  Temperature  and  Radial  Stress 
at  z  =  -4.34  mm  (Slow  Rate) 


Another  way  to  consider  the  transient  behavior  for  the  case  of  a  slow  rate  of  material 
deposition  is  to  examine  the  history  of  temperature  and  radial  stress  at  a  particular  point.  This  type 
of  result  is  illustrated  in  Fig.  5  for  a  history  point  located  approximately  five  layer  thicknesses  into 
the  substrate,  at  a  depth  of  4.34  mm.  The  sharp  peak  in  radial  stress  near  t  =  30  s  in  Fig.  5 
corresponds  to  the  maximum  stress  in  Fig.  4  near  z  =  -4  mm  at  a  time  of  0.08  seconds  after  the 
second  layer  is  deposited.  This  peak  in  radial  stress  is  brought  about  as  a  reaction  to  the 
compressive  stress  initially  induced  in  the  top  of  the  substrate,  due  to  the  model  requirement  of  no 
net  force  in  the  radial  direction.  This  maximum  in  tensile  radial  stress,  (and  the  compressive 
stresses  in  the  top  of  the  existing  material  that  cause  it)  occurs  over  a  very  short  period  of  time. 
The  other  sharp  peaks  in  radial  stresses  in  Fig.  5  correspond  to  similar  maxima  which  occur  after 
each  succeeding  layer  is  deposited.  The  periodic  behavior  observed  in  radial  stresses  is  also  seen 
in  the  temperature  results  plotted  in  Fig.  5.  Temperatures  rise  rapidly  after  each  layer  is  deposited, 
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due  to  conduction  of  heat  from  newly  deposited  material  to  the  history  point.  The  coinciding 
constrained  thermal  expansion  results  in  compressive  radial  stress. 


Raj2id  Deposition 

For  the  case  of  a  rapid  rate  of  material  deposition,  material  is  deposited  every  0.50  seconds, 
which  is  comparable  to  the  rate  at  which  droplets  are  deposited  in  the  microcasting  process.  These 
simulations  begin  in  the  same  manner  as  for  slow  deposition;  however,  0.5  seconds  after 
deposition  of  the  first  droplet,  the  existing  distribution  of  temperature  and  stress  is  taken  as  the 
initial  condition  for  deposition  of  the  second  droplet.  After  another  0.5  seconds,  a  third  droplet  is 
deposited  and  this  procedure  is  repeated  until  the  modeling  of  all  droplet  deposition  is  complete. 
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Figure  6.  Transient  Temperatures  for  Rapid 
Deposition  of  a  Second  Droplet 
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Figure  7.  Transient  Radial  Stresses  for  Rapid 
Deposition  of  a  Second  Droplet 


Figure  8.  Temperature  and  Radial  Stress 
at  z  =  -4.34  mm  (Rapid  Rate) 


Figure  9.  Final  Radial  Stress  Distributions 
for  Slow  and  Rapid  Deposition 


Figures  6  and  7  show  the  initial  and  final  (after  0.50  s)  distributions  of  temperature  and 
stress  due  to  deposition  of  a  second  droplet  of  material.  Initial  and  final  temperature  and  stress 
distributions  are  not  substantially  different  and  results  are  not  plotted  for  other  times  because  the 
distributions  do  not  change  substantially  over  the  0.50  seconds  of  the  simulation.  The  first  droplet 
and  top  portion  of  the  substrate  do  experience  an  overall  increase  in  temperature,  however,  due  to 
heat  conducted  from  the  newly  applied  material. 
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In  Fig.  8,  results  are  plotted  that  are  analogous  to  those  plotted  in  Fig.  5,  at  the  same 
location  of  z  =  -4.34  mm.  The  behavior  is  substantially  different  than  that  shown  in  Fig.  5, 
however.  For  the  case  of  rapid  material  deposition,  oscillations  in  temperature  and  radial  stress  are 
not  apparent  after  the  first  droplet  is  deposited.  Instead,  as  was  noted  in  the  results  of  Fig.  6,  the 
addition  of  heat  from  newly  applied  material  causes  the  temperature  at  this  location  to  steadily  rise. 
The  compressive  stress  seen  in  Fig.  8  is  a  reaction  to  the  tensile  stresses  in  the  top  of  the  substrate 
and  the  deposited  droplets.  These  stresses  decrease  primarily  because  increasing  temperatures  in 
the  top  portion  of  the  model  cause  the  tensile  stresses  there  to  be  relieved  due  to  creep.  However, 
temperatures  at  the  location  z  =  -4.34  mm  also  become  high  enough  to  allow  direct  relaxation  of  the 
compressive  stress. 

Final  Stress  States 

In  this  section,  final  states  of  stress  are  presented  for  the  cases  of  slow  and  rapid  deposition 
of  superheated  carbon  steel  onto  an  initially  stress-free  carbon  steel  substrate  at  room  temperature. 
Deposition  of  a  total  of  five  layers  or  droplets  is  modeled  and  results  are  presented  at  a  time  after 
the  last  deposited  material  cools  to  room  temperature.  Figure  9  compares  these  results  with  the 
steady-state  stress  distributions  due  to  the  deposition  of  a  single  layer  of  material  (the  final  stress 
state  given  in  Fig.  3).  The  most  striking  characteristic  of  the  plots  provided  in  Fig.  9  is  that  they 
are  not  substantially  different,  despite  the  range  of  material  deposition  rates  modeled  and  the 
different  transient  behavior  observed.  Also,  all  three  plots  show  relatively  simple  residual  stress 
distributions  despite  the  complicated  transient  thermal  and  stress  cycling  that  the  material  undergoes 
during  the  deposition  process.  It  should  be  restated,  however,  that  current  material  modeling  does 
not  include  strain  hardening.  If  hardening  were  included,  the  uniformity  of  stress  states  seen  in 
Fig.  9  would  be  diminished. 

During  slow  deposition,  the  small  upward  translation  of  the  tensile  zone  observed  in  Fig.  4 
after  the  second  layer  reaches  steady  state  also  occurs  upon  deposition  of  succeeding  layers.  The 
final  stress  distribution  thus  has  the  appearance  of  the  stress  distribution  after  deposition  of  a  single 
layer,  but  with  the  tensile  zone  shifted  upward.  Also,  the  depth  of  the  tensile  zone  is  greater  than 
that  due  to  deposition  of  a  single  layer. 

Separation  of  a  part  from  the  substrate  upon  which  it  is  built  will,  in  general,  relieve  a  net 
residual  force  and  bending  moment  in  the  deposited  material,  resulting  in  tolerance  losses  through 
part  warping  and  contraction.  In  the  building  of  parts  by  layered  manufacturing,  part  warping  is  a 
significant  concern  because  it  can  lead  to  substantial  loss  of  dimensional  tolerance.  In  the 
simulations  presented  here,  however,  a  part  separated  from  the  substrate  will  contract,  but  not 
warp  because  there  is  essentially  no  net  moment  in  the  deposited  material.  For  other  configurations 
(e.g.,  different  layer  thicknesses),  the  same  conclusion  applies  if  the  deposited  material  remains  in 
the  region  of  essentially  uniform  tension  in  the  upper  half  of  the  deposited  part  and  substrate. 

The  plot  of  final  stresses  for  the  case  of  rapid  material  deposition  is  similar  to  that  for  the 
case  of  slow  material  deposition;  however,  the  tensile  stress  magnitudes  are  slightly  lower.  This  is 
due  to  nonuniform  preheating  of  the  top  portion  of  the  existing  material  by  prior  droplets.  The 
magnitude  of  the  stress  reduction  is  not  large.  A  much  larger  reduction  in  residual  stress 
magnitudes  is  indicated  in  simulations  of  uniform  substrate  preheating  (Chin,  Beuth  and  Amon, 
1995,  1996). 

Conclusions 

In  this  paper  results  are  presented  for  one-dimensional  modeling  of  successive  material 
deposition  at  two  deposition  rates.  Results  for  a  slow  rate  of  deposition  are  related  to  the  physical 
problem  of  successive  deposition  of  material  layers  to  build  a  part,  providing  insight  into  how 
residual  stresses  in  existing  material  are  affected  by  deposition  of  succeeding  layers.  Results  for  a 
rapid  rate  of  deposition  are  related  to  the  problem  of  successive  deposition  of  molten  droplets. 
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giving  insight  into  how  localized  preheating  by  previously  deposited  droplets  affects  residual  stress 
distributions. 

Results  for  a  slow  rate  of  deposition  suggest  that  existing  stress  states  in  previously 
deposited  material  do  not  significantly  change  final  stresses  compared  to  deposition  on  a  stress-free 
substrate.  Residual  stress  magnitudes  in  a  deposited  part  can  be  large  during  deposition;  however, 
these  stresses  are  relaxed  upon  release  of  the  part  from  the  substrate  it  is  built  upon.  The  final 
stress  state  in  the  deposited  material  is  essentially  uniform  biaxial  tension.  For  such  stress  states, 
the  deposited  material  will  become  essentially  stress-free  upon  separation  from  the  substrate,  with  a 
net  contraction  but  no  warping  deformation.  Results  for  a  rapid  rate  of  deposition  indicate  that 
preheating  by  previously  deposited  droplets  alters  transient  temperature  and  stress  distributions  and 
increases  the  average  temperature  in  the  existing  material.  This  preheating  does  not  significantly 
reduce  final  stresses,  however.  This  issue  will  be  further  explored  through  three-dimensional 
modeling  of  successive  deposition  of  adjacent  droplets.  Overall,  only  minor  differences  in  final 
stress  states  are  observed  over  the  range  of  deposition  rates  studied. 
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PROCESS  INSIGHT  ABOUT  LOM  SYSTEMS 


Chen  Chi 
Helisys,  Inc. 


ABSTRACT 

A  Laminated  Object  Manufacturing  (LOM)  machine  offers  much  freedom  in  terms  of  system 
parameters:  laser  cutting  speed,  laser  power  setting,  roller  speed,  roller  temperature,  and  so  on. 
Because  of  this  freedom,  users  can  choose  any  number,  within  certain  limitations,  to  create  well- 
constructed  objects.  Obviously,  each  user  has  a  different  definition  for  the  quality  of  an  object. 
Therefore  this  freedom  has  induced  some  confusion.  Most  commonly,  each  customer  has  his  own 
preferred  parameter  data  sets.  These  sets  may  not  be  the  same  but  they  are  good  sets.  We  need  to 
devise  a  method  as  a  guideline  for  system  parameters  to  ensure  a  consistency  in  the  construction 
of  objects. 

We  have  been  studying  actual  laser  power  at  different  cutting  speeds,  actual  cutting  curves 
and  bonding  curves  for  different  materials,  actual  temperature  distribution,  etc.  These  results 
have  helped  us  find  a  proper  way  to  set  system  parameters  so  that  any  user  can  run  LOM 
machines  without  difficulty  and  confusion.  The  research  methodology  and  results  are  elaborated 
in  this  paper. 

INTRODUCTION 

LOM  is  a  patented  rapid  prototyping  technique  that  allows  the  fabrication  of  3 -dimensional 
objects  by  sequentially  laminating  sheet  materials  and  cutting  the  corresponding  cross  sections 
with  a  CO2  laser  beam.  Because  it  is  a  high  tech  machine,  it  gives  users  the  flexibility  to 
manipulate  the  machine  in  such  a  way  that  good  objects  of  any  kind  can  be  built.  The  flexibility 
comes  from  parameters  in  the  LOMSlice  program  that  can  be  changed.  It  is  also  assumed  that 
users  are  knowledgeable  about  LOM  machines.  Without  proper  knowledge,  it  is  hard  to 
manipulate  a  LOM  machine. 

Helisys  realizes  that  the  flexibility  sometimes  derives  complexity,  hardship,  confusion,  and 
frustration.  In  order  to  eliminate  those  negative  points,  we  have  conducted  research  in  various 
fields  and  seek  improvements  to  continue  offering  customers  a  competitive  edge.  This  paper  only 
reports  results  related  to  the  paper  bonding  process  and  laser  cutting,  two  critical  factors  in  the 
construction  of  quality  objects.  It  is  assumed  that  a  LOM-2030E  machine  is  used  in  this  study. 
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LASER  CUTTING 


The  system  parameter  menu  in  the  LOMSlice  software  provides  all  the  parameters  for  the 
motors,  heater,  laser,  etc.  In  the  menu,  there  are  two  parameters  controlling  the  laser  cutting: 
cutting  speed  and  laser  power  setting  [%].  Material  type  is  another  factor  that  affects  object 
building  process  as  well.  For  example,  LPH042  and  LPH080  are  two  commercially  available 
paper  types.  For  different  paper  types,  different  cutting  behaviors  should  be  observed. 

Because  of  the  complexity  of  the  laser  cutting  process,  it  is  difficult  to  derive  a  theoretical 
curve  to  represent  the  relationship  between  laser  cutting  speed  and  laser  power.  Therefore,  an 
empirical  result  is  presented. 

Before  beginning  data  collection,  a  machine  is  always  checked  to  make  sure  it  is  in  an 
optimal  condition:  the  laser  beam  delivery  system  is  aligned  and  the  laser  output  power  is  at  its 
maximum-  Because  the  laser  power  setting  represents  the  percentage  of  maximum  laser  power, 
it  has  a  meaning  only  if  we  know  actual  laser  power.  In  general,  using  the  same  laser  power 
setting  on  different  LOM  machines  does  not  guarantee  that  the  same  laser  cut  quality  can  be 
achieved.  One  laser  used  on  various  machines  may  put  out  different  maximum  power. 

A  Molectron  laser  power  meter  was  used  to  measure  actual  laser  power.  It  was  placed  right 
after  the  first  mirror  of  a  laser  beam  delivery  system.  The  LOM  machine  has  been  designed  in 
such  a  way  that  its  actual  laser  power  is  a  function  of  laser  cutting  speed  and  laser  power  setting. 
Different  power  readings  should  be  displayed  on  a  power  meter  at  different  cutting  speeds.  By 
changing  the  laser  power  setting  and  cutting  speed  in  a  LOMSlice  program,  maximum  laser 
power  readings  on  the  meter  were  recorded.  In  order  to  make  sure  that  a  laser  beam  moves  at  the 
speed  specified,  a  longer  linear  traveling  distance  of  30  inches  was  used.  With  recorded  data,  a 
series  of  curves  have  been  drawn  as  shown  on  Fig.  1  which  is  called  laser  power  curve.  It  is 
apparent  that  a  laser  can  put  out  more  power  at  faster  speeds  than  slower  speeds.  But  at  higher 
cutting  speeds,  the  maximum  power  a  laser  can  put  out  is  less  than  that  at  slower  speeds.  The 
same  experiments  have  been  conducted  on  other  LOM-2030E  machines.  Curves  similar  to  Fig.  1 
are  observed.  Fig.  1  tells  us  laser  power  characteristics,  but  we  need  another  curve  to  determine  if 
a  paper  can  be  cut. 

To  determine  proper  cutting  speed  and  laser  power,  we  must  define  what  a  good  cut  is.  One 
definition  is  that  a  laser  beam  should  cut  through  all  the  required  layers  and  a  quarter  inch  deep 
into  an  additional  layer.  I  found  that  it  is  difficult  to  visually  determine  the  depth  of  the  cut  on 
the  additional  layer.  Therefore  we  decided  not  to  worry  about  the  cut  quality  on  additional  layer. 
Instead,  we  tried  to  find  out  minimum  laser  power  at  which  a  laser  beam  can  cut  through  all  the 
required  layers.  The  worst  situation  is  that  there  are  some  strings  on  one  side  attaching  paper  to 
the  other  side.  Many  types  of  commercially  available  paper  were  used  to  find  out  the  minimum 
power  required  to  cut  those  papers.  Data  has  been  collected  for  a  single  layer  cut,  a  double  layer 
cut,  and  a  triple  layer  cut  (only  for  LPH042  paper).  Only  the  data  for  LPH042  and  LPH080  are 
reported  here.  Data  for  LPH042  is  drawn  on  Figure  2  which  is  called  paper  cutting  curve.  It 
shows  in  the  figure  that  any  data  point  falling  between  curve  A  and  B  will  cut  a  single  layer;  any 
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data  point  falling  between  curve  B  and  C  will  cut  double  layers.  The  region  defined  by  two 
adjacent  curves  apparently  has  a  large  area  where  many  choices  can  be  made.  Because  of  this, 
each  user  may  have  a  different  pair  of  laser  power  setting  and  cutting  speed.  However,  most 
parameter  pairs  will  produce  an  overcut.  In  order  to  verify  its  validity,  we  have  collected  data  for 
cutting  parameters  from  people  actually  running  LOM  machines.  This  data  has  been  plotted  on 
Fig.  3.  It  is  self-explanatory.  Fig.  4  is  for  LPH080  paper. 

Now  we  have  two  different  figures:  laser  power  curve  and  paper  cutting  curve.  Each  time  a 
LOM  machine  operator  wants  to  figure  out  values  for  laser  power  setting  and  cutting  speed,  he 
can  follow  the  procedures  as  described  below: 

1 .  Select  a  paper  type.  Ex.  LPH042. 

2.  Select  a  laser  cutting  speed.  Ex.  15  (in/s). 

3.  From  the  paper  cutting  curve,  select  an  actual  laser  power  such  that  the 
corresponding  point  is  between  curve  A  and  Curve  B.  Ex.  35  (w). 

4.  On  the  laser  power  curve,  he  can  look  for  a  curve  corresponding  to  the  cutting 
speed  just  selected,  15  (in/s).  The  right  curve  should  be  curve  (C).  From  this 
curve,  he  can  find  a  laser  power  setting  associated  with  actual  laser  power, 

35  (W).  Therefore  the  laser  power  setting  should  be  around  28  %. 

5.  Enter  the  pair  data  (15,  28)  into  the  system  parameter  menu. 

Here  we  have  shown  a  logical  procedure  to  find  proper  parameter  sets  for  cutting  objects. 
This  procedure  should  not  create  controversy  even  though  many  different  parameter  pairs  can  be 
chosen. 

The  work  shown  so  far  assumes  that  a  laser  can  put  out  maximum  power  and  a  beam  delivery 
system  has  been  cleaned  and  aligned  properly.  In  the  case  that  a  LOM  machine  is  not  in  optimal 
condition,  one  should  do  the  following: 

1 .  Use  a  laser  power  meter  to  measure  maximum  laser  power  at  the  HOME 
position. 

2.  User  should  know  the  power  reading  in  an  optimized  LOM  machine. 

Ex.  60  (w). 

3.  If  a  reading  is  50  w,  compute  difference,  i.e.,  lOw. 

4.  Follow  the  normal  procedures  described  above.  In  step  3,  the  actual  power 
becomes  45(  =  35  +  10)  (w). 

5.  Complete  steps  4  and  5  of  normal  procedures.  The  laser  power  setting  should 
be  34%. 

Of  course,  a  power  reading  can  not  be  too  low.  If  it  is  too  low,  a  LOM  machine  can  not  cut 
objects.  The  lowest  acceptable  power  depends  on  the  cutting  speed. 
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PAPER  BONDING 


The  paper  bonding  process  implemented  in  a  LOM  machine  is  a  function  of  heated  roller 
speed,  roller  temperature,  roller  pressure  to  paper,  and  paper  itself.  It  is  also  affected  by  a 
platform’s  temperature  and  surrounding  temperature  and  humidity.  Because  these  factors  are  not 
directly  controlled  by  a  LOM  machine,  they  are  not  considered  in  this  study.  This  process  starts 
by  rolling  a  heated  roller  across  a  sheet  of  paper  coated  with  a  thin  layer  of  thermoplastic 
adhesive  on  its  bottom  side.  Due  to  the  pressure  of  the  roller  to  the  paper  and  its  rolling  speed,  a 
certain  amount  of  heat  will  be  transferred  to  the  paper  and  adhesive  beneath  it.  This  amount  of 
heat  and  roller  pressure  determines  how  well  sheets  of  paper  bond  together. 

It  is  assumed  that  a  LOM  machine  is  properly  aligned  and  also  the  temperature  distribution 
on  a  heated  roller  is  uniform.  To  avoid  temperature  fluctuations,  a  temperature  controller  is  used 
to  indirectly  control  roller  temperature.  Because  of  this  indirect  temperature  control,  the  actual 
temperature  on  a  roller  is  not  the  same  temperature  as  displayed  on  the  controller.  In  order  to 
study  the  actual  bonding  process,  actual  temperature  distribution  on  a  roller  should  be  measured. 
An  Omega  temperature  indicator  and  a  J  type  thermocouple  were  used  to  measure  temperature. 
The  roller  was  about  equally  divided  and  marked  so  that  there  were  10  points  of  interest  at 
which  a  J  type  probe  touches.  At  each  point  the  maximum  reading  was  recorded.  By  changing  the 
controller’s  temperature  setting,  a  series  of  actual  temperature  distribution  curves  was  recorded. 
The  results  are  shown  on  fig.  5  which  is  called  roller  temperature  curve.  We  notice  on  this 
figure  that  actual  temperature  is  about  two  times  higher  than  that  of  the  controller’s  temperature. 
The  actual  temperature  is  evenly  distributed. 

Now  we  need  to  find  out  how  much  heat  is  transferred  to  the  other  side  of  paper.  This 
transferred  heat  is  a  function  of  roller  speed,  roller  pressure,  and  paper  material.  A  LOMSlice 
program  can  be  used  to  change  roller  speed  and  pressure.  A  pressure  sensor  was  used  to  study 
how  the  actual  pressure  affects  paper  bonding  process.  We  found  out  that  this  sensor  is  not 
reliable  enough  to  provide  some  good  data,  but  we  noticed  that  the  effect  from  pressure  is  not 
very  pronounced.  After  we  find  a  good  sensor,  we  will  report  more  quantitative  information.  A 
base  of  10”  x  10”  was  made  first.  A  piece  of  paper  of  the  same  size  was  laid  on  top  of  the  base.  A 
J  type  probe  was  placed  underneath  the  paper.  By  entering  different  values  into  the  LOMSlice 
program,  the  maximum  temperature  reading  was  recorded.  Temperature  increase  was  computed 
and  used  to  represent  the  amount  of  heat  transferred  to  the  adhesive.  The  roller  speed  range  used 
was  from  1  to  15  (in/s).  The  actual  temperature  range  on  the  roller  was  from  423  to  731  (F), 
which  are  average  temperatures  computed  from  Fig.  5.  The  results  are  shown  in  Fig.  6  which  is 
called  paper  bonding  curve.  Each  curve  represents  temperature  increase  of  the  adhesive  at 
different  roller  temperature.  This  curve  can  tell  us  actual  temperature  of  the  adhesive  which 
should  be  equal  to  base  temperature  plus  temperature  increase  at  a  specified  speed.  Once  we 
know  the  temperature  of  the  adhesive,  we  know  if  the  adhesive  should  work.  In  this  study  we 
found  the  service  temperature  range  of  adhesive  on  the  paper  is  about  from  150  to  250  F.  If  it  is 
outside  of  this  range,  paper  will  not  be  bonded  well.  The  paper  bonding  curve  for  LPH080  is 
shown  on  Fig.  7. 
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For  the  bonding,  two  different  figures,  paper  bonding  curve  and  roller  temperature  curve, 
should  be  consulted  to  find  proper  roller  speed  and  controller  temperature.  Additionally  a 
pressure  curve  should  be  considered.  Because  of  the  explanation  given  in  the  previous  paragraph, 
the  results  reported  in  this  paper  should  still  apply  if  the  data  for  retract  entered  into  a  LOMSlice 
program  is  less  than  0.015  in.  The  paper  bonding  curve  is  paper  type  specific.  The  roller 
temperature  curve  is  machine  specific.  Each  time  a  LOM  machine  operator  can  use  the 
following  procedures  to  find  out  proper  roller  speed  and  controller  temperature: 

1.  In  the  beginning,  measure  platform  temperature.  Ex.  78  F. 

2.  Select  a  roller  speed.  Ex.  5  in/s. 

3.  Select  a  proper  temperature  increase  from  Fig.  6  so  that  the  actual  temperature 
at  the  adhesive  is  greater  than  150  F  but  less  than  250  F.  Ex.  118  F. 

Then  actual  temperature  should  be  196  F  which  is  in  the  service  temperature 
range.  The  point  of  (5  in/s,  1 1 8  F)  is  on  curve  A.  The  actual  temperature  of 
roller  is  about  73 1  F. 

4.  With  Fig.  5,  controller’s  temperature  should  be  about  350  F. 

5.  Enter  roller  speed,  5  in/s,  and  controller  temperature,  350  F,  into  the  system 
parameter  menu.  Then  a  LOM  machine  should  build  an  object  with  good 
bonding. 


SUMMARY 

This  paper  has  shown  a  logical  way  to  figure  proper  values  for  paper  bonding  parameters  and 
laser  cutting  parameters.  This  eliminates  any  trial-and-error  in  determining  system  parameters. 
The  methods  reported  in  this  paper  save  time  in  preprocessing  and  serve  as  a  guideline  to 
eliminate  confusion  and  frustration.  However,  one  may  need  many  data  curves;  different 
materials  will  have  different  bonding  curves  and  cutting  curves.  Therefore,  a  program  is  forming 
to  implement  suggested  procedures.  This  program  is  about  40%  complete.  The  completed  portion 
has  been  tested  in  Helisys.  The  test  result  is  good.  After  this  program  is  completed  and  fully 
tested,  it  will  be  a  part  of  LOMSlice  program.  Eventually  the  LOMSlice  program  will  have  some 
intelligence  and  the  option  to  be  a  turn  key  system. 


519 


FINITE  ELEMENT  ANALYSIS  &  STRAIN  GAUGING  OF  THE 
STEREOLITHOGRAPHY  /  INVESTMENT  CASTING  SYSTEM 

Richard  Hague  and  Phill  Dickens 

Department  of  Manufacturing  Engineering  and  Operations  Management 

University  of  Nottingham 
Nottingham,  UK 

ABSTRACT 

Many  metal  parts  have  been  produced  from  stereolithography  (SL)  models  via  the 
investment  casting  route.  However,  it  is  still  not  possible  for  every  foundry  to  directly  use  SL 
models  as  thermally  expendable  patterns  and  gain  the  same  success  as  achieved  with  wax  patterns. 
Significant  drawbacks  still  exist  with  the  QuickCast™  structure  that  restricts  its  use  to  specialist 
investment  casting  foundries  who  are  willing  to  alter  their  standard  techniques. 

As  part  of  a  continuing  work  programme  at  the  University  of  Nottingham,  the  stresses  that 
are  created  in  the  SL/ceramic  construction  have  been  determined  using  simple  stress  analysis  and 
finite  element  analysis  techniques.  Further  work  has  involved  connecting  strain  gauges  and 
thermocouples  to  SL  parts  in  order  to  confirm  the  results  obtained  with  the  theoretical  stress 
analysis.  Inspection  of  the  results  obtained  is  aiding  the  generation  of  new  build  structures  to 
enable  the  successful  autoclaving  of  SL  models. 

Details  of  the  work  to  date  are  outlined  in  this  paper,  along  with  the  results  obtained. 

INTRODUCTION 

Since  1993,  with  the  introduction  of  the  original  QuickCast™  build  structure1,  it  has  been 
possible  to  gain  functional  metal  parts  from  stereolithography  (SL)  models  using  the  investment 
casting  process.  The  accuracy  of  the  SL  models  lends  itself  well  to  investment  casting  because  of 
the  high  tolerances  that  can  be  achieved  when  using  this  casting  method.  Thousands  of  metal  parts 
have  now  been  produced2  using  the  QuickCast™  process  in  a  variety  of  different  metals. 

However,  there  are  significant  drawbacks  associated  with  using  SL  models  as  thermally 
expendable  patterns.  The  main  problem  area  concerns  the  gross  mismatch  between  the  thermal 
expansions  of  the  cured  SL  resin  and  the  ceramic  shell3.  Because  the  epoxy  resins  used  for  the 
models  are  thermoset  plastic  materials,  they  do  not  melt  under  the  influence  of  heat  but  continue 
to  expand.  It  is  this  expansion  that  causes  the  catastrophic  failure  of  the  shells.  The  QuickCast 
build  styles  -  effectively  thin  walled  hollow  parts  with  an  internal  open  lattice  structure  of  closed 
triangles  (QuickCast  1.0)  or  squares  (QuickCast  1.1)  -  were  developed  to  allow  the  expanding  SL 
parts  some  room  to  expand  into  and  collapse  during  autoclaving.  Yet,  experience  has  shown  that 
when  using  conventional  autoclaving  techniques  for  dewaxing  (still  necessary  because  of  the  wax 
tree  that  the  SL  models  are  usually  connected  to),  the  QuickCast™1  models  still  generally  cause 
the  shells  to  crack. 
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Due  to  these  difficulties  associated  with  achieving  a  casting  from  an  SL  model,  it  has 
generally  been  the  more  progressive  foundries4,  more  willing  to  adapt  their  e«stmg  techniques 
who  have  been  able  to  make  the  most  of  the  stereolithography  process  for  ma  n 
short-run  metal  components.  However,  it  is  desirable  that  all  investment  casting  foundries  sho 
be  able  to  take  a  stereolithography  model  and,  by  using  their  standard  techniques  (including 
autoclave),  be  able  to  achieve  a  finished  casting. 

Work  at  the  University  of  Nottingham  is  continuing  into  the  investigation  of  the  stresses 
caused  by  the  expansion  of  the  SL  models  in  the  green  ceramic  shells  as  the  construction  is  passed 
through  the  autoclave  cycle.  This  work  is  giving  a  much  clearer  understanding  of  what 
happening  to  the  SL  /  ceramic  construction  and  is  giving  a  clear  indication  of  the  necessary 
requirements  for  the  design  of 'successful'  internal  build  structures. 

This  paper  is  a  continuation  and  update  of  the  work  presented  previously5.  It  gives  details 
of  the  stress  analysis  performed  to  date  and  indicates  the  future  direction  of  the  research 

programme. 


BACKGROUND  WORK 

Failure  of  SL  Models 

Due  to  the  relatively  large  expansion  of  the  cured  epoxy  resin,  autoclaving^oM  SL 
models  will  cause  the  investment  casting  shells  to  crack.  To  overcome  this,  QU1C  as*  mo  e  s 
were  developed  to  enable  investment  casting  shells  to  survive  the  autoclave  phase  by  allowing  the 
models  to  soften  and  then  collapse  in  on  their  own  voids  ,  Yet  despite  this,  experience  has  shown 
that  QuickCast™  models  still  generally  cause  the  shells  to  fail  in  the  autoclave  phase 

Thus,  to  enable  QuickCast™  parts  to  be  used  as  thermally  expendable  patterns,  it  has  been 
recommended7  that  foundries  skip  the  steam  autoclave  phase  and  dewax  shells  containing  these 
models  directly  in  the  flash-furnace.  Even  though  this  method  (coupled  with  other  significant 
modifications  to  the  standard  investment  casting  process)  works,  it  should  not  be  viewed  as  a 
viable  solution  to  the  problems  of  ‘dewaxing’  QuickCast™  models.  What  ideally  required  is  a 
build  structure  that  allows  the  direct  substitution  of  the  SL  part  for  the  wax,  with  out  any  variation 
to  the  standard  investment  casting  process. 


On  a  brighter  note,  trials  have  shown5  that  it  is  entirely  possible,  without  modification,  to 
autoclave  thin  walled  hollow  parts.  This  indicates  that  it  is  very  likely  that  a  structure(s)  exists  m 
between  a  hollow  and  solid  that  will  also  allow  the  autoclaving  of  parts  (built  in  that  structure)  to 
be  successful.  If  a  stereolithography  /  investment  casting  construction  can  make  it  throug  e 
autoclaving  stage  there  will  normally  be  no  problem  in  achieving  the  resultant  casting. 

Sectioning  of  the  autoclaved  shells  that  contain  these  thin  walled  hollow  parts  shows  that 
the  SL  models  shatter  within  the  confines  of  the  shell.  On  investigation,  this  appears  to  contradict 
the  QuickCast™  ‘theory’  of  the  part  softening  and  then  collapsing  in  on  itself. 
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If  the  parts  were  to  soften  and  then  collapse  (as  the  ’theory'  states),  then  upon  sectioning 
of  the  autoclaved  shells  you  would  expect  to  see  merely  a  buckling  away  from  the  walls  of  the  SL 
model.  The  shattering  of  the  hollow  parts  indicates  that  the  stereolithography  parts  have  indeed 
failed  before  they  have  time  to  soften.  This  transforms  the  reasoning  behind  the  design  of  new 
structures,  in  that  models  must  therefore  be  designed  to  fail  (under  the  influence  of  their  own 
expansion)  before  their  expansion  causes  the  ceramic  shell  to  crack. 

Material  Properties  as  a  Function  of  Temperature 

Determining  the  changes  in  material  properties  as  temperature  increases,  especially  of  the 
cured  SL  resin,  is  fundamental  to  understanding  why  investment  casting  shells  containing  SL 
models  are  failing.  The  key  to  the  failure  of  the  shells  lies  in  the  high  coefficient  of  thermal 
expansion  (CTE)  of  the  resin  when  compared  to  that  of  the  green  ceramic  shell. 

The  determination  of  the  material  properties  is  crucial  to  enable  stress  calculations  to  be 
performed.  The  relevant  properties  obtained  are  used  in  simple  stress  analysis  tools  (such  as 
Lames  theories8)  and  more  complex  finite  element  analysis  (FEA)  packages. 

A  summary  of  the  graphs  for  thermal  expansion  and  Youngs  modulus  (Figures  1  &  2, 
respectively)  are  repeated  in  this  paper  for  reference.  Key  points  to  note  are  the  doubling  in 
thermal  expansion  (from  approximately  88xl06  to  181  x  10)  that  occurs  around  the  glass 
transition  temperature  of  the  material.  Correspondingly,  there  is  a  significant  drop  in  the  Youngs 
modulus  at  temperatures  above  the  glass  transition. 

The  graphs  clearly  show  the  sharp  decrease  in  strength  of  the  resin  as  the  samples  are 
ramped  through  an  increase  in  temperature.  This  indicates  that  most  of  the  problems  should  be 
occurring  at  the  lower  temperatures,  where  the  QuickCast™  models  still  have  enough  material 
strength  not  to  collapse  but  enough  expansion  to  crack  the  shells. 

STRESS  CALCULATIONS 
Finite  Element  Analysis:  Thick  Walled  Cylinder 

To  complement  the  work  previously  performed  using  Lames  theories  to  determine  the 
stresses  created  in  a  simple  stereolithography  /  investment  casting  construction,  the  Thick  Walled 
Cylinder  (TWC)  problem  was  also  modelled  using  an  FEA  package.  (In  summary,  a  TWC  in  this 
instance  is  taken  to  mean  an  open  ended  cylinder  of  ceramic  shell  encasing  a  solid  epoxy  resin 
core.  See  ref.  5) 

Figures  3  &  4  show  the  results  obtained  using  Lames  theories  and  the  FEA  package, 
respectively  for  resin  cores  of  1mm  and  50mm  diameters.  There  is  a  clear  correlation  between  the 
results  obtained  using  these  different  theoretical  methods.  The  profile  of  the  curves  obtained  from 
the  FEA  work  match  closely  those  obtained  with  Lames,  except  that  there  is  a  slight  increase  of 
temperature  at  which  the  maximum  stress  occurs  with  the  FEA  results.  The  magnitude  of  the 
stresses  obtained  with  the  two  methods  are  also  very  similar  to  each  other. 
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The  similarities  of  the  results  from  these  two  theoretical  methods  gives  some  degree  of 
confidence  as  to  suitability  of  using  the  FEA  technique  to  model  more  complex  examples. 


Finite  Element  Analysis:  50mm  CUBE 

Basic  theoretical  stress  analysis  techniques,  such  as  Lames  theories,  limit  the  complexity  of 
the  parts  that  can  be  analysed.  Having  confirmed  the  validity  of  the  FEA  package  the  FE  analysis 
was  next  extended  to  simulating  the  stresses  induced  in  a  SL  50mm  cube  encased  in  a  shell  5mm 
thick;  this  represents  a  more  complex  geometry  containing  edges  and  corners^  Though  it  is 
envisaged  that  eventually  cubes  containing  QuickCast™  structures  will  be  modelled,  the  FEA  was 
(for  the  purpose  of  this  paper)  restricted  to  cubes  of  varying  hollows.  Initially,  three  variation  o 
the  50mm  cube  have  been  analysed;  these  include: 


•  50mm  Cube;  Solid 

•  50mm  Cube;  Hollow  with  a  wall  thickness  of  5.0mm 

•  50mm  Cube;  Hollow  with  a  wall  thickness  of  2.5mm 

A  schematic  of  the  FEA  model  is  detailed  in  Figure  5.  It  is  hoped  that  in  future,  thinner 
walls  as  well  as  ‘structured’  parts  will  be  modelled. 

Figure  6  shows  the  stress  profile  over  a  range  of  temperatures  for  a  solid  50mm  block,  a 
hollow  50mm  block  with  a  wall  thickness  of  5mm  and  a  hollow  50mm  block  with  a  wall  thickness 
of  2.5mm.  All  of  the  resin  blocks  are  covered  with  a  shell  5mm  thick. 

The  introduction  of  comers  have,  predictably,  had  a  great  effect  on  the  concentration  and 
value  of  the  stresses  induced  in  the  ceramic.  For  the  solid  50mm  block,  there  is  a  maximum  stress 
of  about  130MPa.  Comparing  this  to  the  value  obtained  from  the  50mm  diameter  core  in  the  thick 
walled  cylinder  example  of  about  16MPa,  it  is  clear  that  the  corner  has  had  a  dramatic  effect. 

Though  these  hollow  parts  have  been  modelled  with  relatively  thick  walls,  the  effect  on  the 
induced  stresses  by  introducing  a  hollow  into  a  solid  part  is  striking.  There  is  a  dramatic  drop  in 
stress  as  the  wall  thickness  decreases.  The  block  with  a  2.5mm  thick  wall  produces  stresses  in  the 
ceramic  approaching  a  value  that  is  thought  to  be  autoclavable.  Interestingly,  reducing  the  wall 
thickness  has  the  same  effect  as  reducing  the  resin  thickness  in  the  TWC  problem,  in  that  it 
decreases  the  temperature  at  which  the  maximum  stress  occurs  (see  Figure  4).  It  should  be  noted 
that  the  maximum  induced  stress  (in  the  ceramic)  occurs  at  the  mid-point  of  each  edge  of  the 

cube. 


STRAIN  GAUGING 

Initial  Strain  Gauging 

One  of  the  principal  reasons  for  performing  the  FEA  was  to  identify  not  only  the 
magnitude  of  the  maximum  stress,  but  also  its  location. 
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Initially  a  Solid  50mm  stereolithography  cube  was  built.  This  cube  was  then  strain  gauged 
and  thermocoupled  at  the  positions  identified  by  the  FEA  work.  An  example  of  the  strain  gauging 
of  the  solid  resin  block  can  be  seen  in  Figure  7.  Having  applied  the  gauges  to  the  surface  of  the 
model,  the  initial  face  coat  of  the  ceramic  shell  was  applied  and  allowed  to  dry.  With  care,  strain 
gauges  were  also  applied  to  this  initial  face  coat  and  the  part  was  then  coated  with  its  subsequent 
ceramic  layers,  up  to  the  normal  thickness. 

This  strain  gauged  block  was  then  placed  into  an  oven  and  the  results  were  recorded.  A 
sample  of  the  results  can  be  seen  in  Figure  8.  This  figure  shows  the  values  gained  for  one  of  the 
strain  gauges  attached  to  the  resin  block  and  the  equivalent  gauge  attached  to  the  ceramic  shell.  It 
seems  that  there  is  a  clear  break  in  the  ceramic  around  60°C.  This  initial  result  was  very 
encouraging  because  it  seems  to  confirm  the  observation  that  the  majority  of  the  problems  are 
happening  at  or  below  the  glass  transition  temperature  of  the  resin.  Figure  9  shows  the  shelled 
cube  after  it  has  gone  through  the  heating  process.  It  can  just  be  seen  that  cracks  have  propagated 
from  the  centre  of  each  edge  which  corresponds  exactly  with  the  predictions  of  the  FEA. 
However,  it  is  surprising  that  even  though  the  ceramic  shell  has  cracked  under  the  influence  of  the 
heat,  it  has  still  remained  mainly  intact. 

One  initial  drawback  that  became  apparent  during  this  test  is  that  to  gain  a  result  from  the 
strain  gauged  ceramic,  it  seems  that  a  crack  has  to  propagate  directly  over  the  strain  gauge. 

These  results  appear  to  go  some  way  to  confirming  the  work  performed  with  Lames 
theory  and  the  FEA  work. 

Further  Strain  Gauging 

Having  achieved  a  reasonable  result  in  the  initial  laboratory  based  ‘dewaxing’,  the  strain 
gauging  was  then  expanded  to  encompass  the  full  range  of  examples  that  were  simulated  using  the 
FEA.  For  comparative  analysis,  three  (3)  of  each  type  were  fabricated.  The  types  built  were: 

•  Solid  blocks  (Referred  to  as  Solid  _l/2/ or  3) 

•  Hollow  blocks,  wall  thickness  5.0mm  (Referred  to  as  Hollow  5.0mm_l/2/ or  3) 

•  Hollow  blocks,  wall  thickness  2.5mm  (Referred  to  as  Hollow  2.5mm  1/2/ or  3) 

and  also,  to  repeat  previous  work  involving  the  autoclaving  of  thin-walled  hollow  parts 

•  Hollow  blocks,  wall  thickness  1.0mm  (Referred  to  as  Hollow  1.0mm_l/2/  or  3) 

As  before,  strain  gauges  and  thermocouples  were  fixed  onto  the  surface  of  the  SL  blocks 
and  also  attached  to  the  initial  ‘face-coat’  of  the  ceramic.  For  the  Solid  models,  an  additional 
thermocouple  was  also  placed  at  the  centre  of  the  block.  These  blocks  were  then  subjected  to  a 
real  ‘dewaxing’  in  a  commercial  steam  autoclave. 

A  representative  sample  of  the  results  obtained  for  the  Solid  block  can  be  seen  in  Figure 
10  and,  similarly,  an  example  of  the  results  for  a  Hollow  block  (in  this  instance,  Hollow5.0mm_l) 
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is  shown  in  Figure  11.  As  expected,  all  the  shells  failed  except  for  the  ones  containing  the 
Hollow _1.  Omm  samples. 


DISCUSSION 


The  clear  result  from  the  initial  strain  gauge  work  has  not  been  duplicated  in  the 
autoclaving  trials.  There  seems  to  be  a  stark  difference  in  the  results  achieved  when  the  autoc  ave 
is  used  to  ‘dewax’  the  samples.  The  graphs  are  far  more  difficult  to  interpret,  but  one  of  the  most 
obvious  thing  to  note  is  the  conspicuous  increase  of  temperature  at  which  the  shells  appear  to  ai . 


This  apparent  increase  can  be  explained  if  the  temperatures  recorded  in  the  Solid  block  are 
referred  to.  Figure  12  shows  the  temperatures  recorded  at  the  interface  between  the  shell  and  t  e 
resin  and  also  at  the  centre  of  Solid J.  The  interface  temperature  has  a  very  steep  temperature 
gradient,  but  it  can  be  clearly  seen  that  the  temperature  at  the  centre  of  the  block  lags  way  behind 
this  interface  value.  This  demonstrates  the  insulative  properties  of  the  epoxy  resin.  Though  the 
shells  appear  to  be  failing  at  about  120  to  130°C,  it  should  be  noted  that  this  temperature  is  the 
surface  temperature  of  the  cube  so,  crudely  speaking,  the  actual  average  temperature  of  the  resin 
block  at  which  the  shells  fail  correlates  to  about  60  to  70°C.  This  is  much  more  in  line  with  the 
value  predicted  with  the  FEA  package  and  demonstrated  with  the  initial  strain  gauge  trials. 


The  heat  input  rate  is  clearly  much  more  of  an  issue  than  was  previously  thought.  The 
autoclave  that  was  used  to  ‘dewax’  these  samples  offered  a  very  steep  heating  input,  and 
consequently  destroyed  the  shells  (see  Figure  13).  The  oven  that  was  used  to  heat  the  solid  b  oc 
in  the  initial  strain  gauge  work  (described  previously)  provided  a  more  gentle  heating  rate  that 
allowed  the  resin  cube  to  heat  up  more  uniformly.  The  heating  rate  for  the  initial  strain  gauge 
work  (again  measured  at  the  interface  of  the  ceramic  and  model)  is  more  in  line  with  the  rise  in 
temperature  recorded  at  the  centre  of  the  equivalent  autoclaved  block.  (See  Figure  14) 


In  order  to  initially  simplify  the  problem,  the  theoretical  work  performed  (Lames  theory 
and  FEA)  assumed  that  the  SL  /  investment  casting  construction  reached  an  instant  and  uniform 
temperature  throughout.  For  the  initial  strain  gauge  work,  because  the  heat  input  rate  was 
relatively  slow,  the  temperature  distribution  through  the  resin  cube  was  more  uniform.  It  is  for  this 
reason  that  the  initial  strain  gauge  work  reflects  more  closely  the  theoretical  results.  It  should  be 
noted  that  although  the  solid  cube  heated  in  the  oven  also  failed,  it  did  so  far  less  catastrophically 
than  the  autoclaved  version. 


For  samples  that  were  heated  in  the  autoclave,  the  resin  cube  can  be  separated  into  two 
areas:  an  outside  ‘skin’  that  is  getting  progressively  hotter  and  an  inner  core  that,  due  to  the 
temperature  lag  initially  remains  mainly  at  ambient  temperature.  (The  outer  layer,  of  course, 
eventually  consumes  the  inner  as  the  effects  of  the  lag  are  diminished).  However,  whilst  the  inner 
core  remains  solid,  it  restricts  the  softening  and  expanding  outer  layer  from  deforming.  So,  as  the 
outer  ‘skin’  gets  progressively  hotter,  its  expansion  increases  to  such  a  rate  that  it  causes  the  shell 

to  fail. 
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Summary 


The  relatively  novel  approach  to  using  strain  gauges  appears  to  present  some  difficulties. 
There  are  clear  problems  associated  with  using  strain  gauges  that  are  imbedded  and  adhered  to  the 
ceramic  with  an  adhesive  that  has  a  thermal  expansion  far  greater  than  that  of  the  ceramic  itself 
The  problem  of  the  expanding  adhesive  simply  reflects  the  original  problem  of  the  cured  SL 
models  causing  the  shells  to  crack  due  to  the  gross  mismatch  of  thermal  expansion. 

SL  parts  that  do  not  crack  the  shells  during  the  autoclave  phase  (not  published)  show  that 
the  strain  gauges  are  appearing  to  register  a  negative  strain.  This  apparent  compression  of  the 
ceramic  runs  entirely  contrary  to  what  actually  happens.  However,  a  logical  explanation  of  this 
phenomena  is  that  as  the  adhesive  coating  the  strain  gauge  tries  to  expand  under  the  influence  of 
heat,  it  is  unable  to  because  it  is  itself  encapsulated  by  the  ceramic  shell.  As  the  ceramic  is 
(relatively)  not  expanding,  the  strain  gauge  is  forced  into  compression,  and  thus  registers  a 
negative  strain. 


CONCLUSIONS 

There  are  clear  similarities  between  stress  values  obtained  for  the  thick  walled  cylinder 
using  Lames  equations  and  the  results  obtained  with  the  FEA  package. 

Though  these  results  are  preliminary  and  simplified,  they  clearly  show  a  general  trend,  and 
support  the  idea  that  the  majority  of  the  problems  are  occurring  before  or  about  the  beginning  of 
the  glass  transition  temperature  of  the  cured  resin. 

The  initial  strain  gauge  results  that  were  performed  in  the  low  heat  input  oven  offer  good 
substantiation  of  the  theoretical  work  performed.  The  results  obtained  from  the  more  aggressive 
autoclave  trials  are  more  confusing  and  seem  to  highlight  the  difficulties  of  using  strain  gauges  in 
such  an  environment. 


ACKNOWLEDGEMENTS 

The  authors  would  like  to  thank  3D  Systems  Inc.  and  the  UK  Economic  &  Social 
Research  Council  (ESRC)  for  their  help  and  financial  support  in  this  research  programme. 

REFERENCES 

1  JACOBS,  P.F.  Stereolithography  1993:  Epoxy  Resins,  Improved  Accuracy  &  Investment 
Casting.  2nd  European  Conference  on  Rapid  Prototyping  &  Manufacturing,  Nottingham, 
England,  15th-16th  July,  1993.  pp  95-113.  Ed:  P.M.  DICKENS.  ISBN  0  9519759  1  9 

2  JACOBS,  P.F.  QuickCastTM  1 . 1  &  Rapid  Tooling.  4th  European  Conference  on  Rapid 
Prototyping  &  Manufacturing.  13th- 15th  June,  Belgirate,  Italy.  1995.  pp  1-27.  Ed:  P.M. 
DICKENS.  ISBN  0  9519759  4  3 


529 


3  WIMPENNY,  D.  Rapid  Prototyping:  An  Overview  of  the  Technology  Applied  to  Investment 
Casting.  8th  World  Conference  on  Investment  Casting.  June  1993,  p23-30. 

4  DICKENS,  P.M.  European  Action  on  Rapid  Prototyping  (EARP)  Newsletter,  No. 6,  July 
1995.  Pub:  Danish  Technology  Institute. 

5  HAGUE,  R.  &  DICKENS,  P.M.  Stresses  Created  in  Ceramic  Shells  Using  QuickCast™ 
Models.  Solid  Freeform  Fabrication  Symposium,  Aug  7-9,  1995,  Austin,  Texas.  pp242-252 

Ed:  H.  MARCUS 

6  KOCH,  M.  Rapid  Prototyping  &  Casting.  3rd  European  Conference  on  Rapid 
Prototyping  ^Manufacturing.,  Nottingham,  England,  6th-7th  June  1994.  pp  73-76. 

Ed:  P.M.  DICKENS.  ISBN  0  9519759  2  7 

7  CORDES,  J.  3D  Systems  QuickCast™:  How  to  assure  success.  3D  Systems  Document 

8  BENHAM,  P.P.  &  WARNOCK,  F.V.  Mechanics  of  Solids  and  Structures,  pp  331-338 
Published  by  Pitman  International,  ISBN  0  273  36186  4  . 


530 


Modulus  (GPa)  <@*  Percent  Extension 


Thermal  Expansion  of  SL5170  Epoxy  Resin 


Figure  2 
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Stress  (MPa) 


Schematic  of  FEA  Model 


50mm  Cube  Encased 
in  Ceramic  Shell 


[where  ‘X’  =  2.5mm 

-  5.0mm 

or  =  25mm  (ie  Solid) 


Corner  of  Cube  as 
Modelled  in  the 
FEA  Package 


Figure  5 
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Micro  Strain 


Figure  8 
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Strain 


Figure  10 
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Temperature  (C) 


Figure  12 
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Temperature  (C) 


Shelled  Cube  after  Autoclaving 


Figure  13 


Temperature  at  Interface  of  Ceramic  &  Part 
(Initial  Strain  Gauge:  Oven  Heated) 


Figure  14 
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Abstract 

Fused  Deposition  process  fabricates  requested  part  geometries  by  sequentially  depositing 
discrete  curvilinear  beads  of  material  next  to  and  on  top  of  each  other.  The  part  integrity 
depends  strongly  on  the  bonding  quality  at  the  bead  interfaces.  Since  diffusion  bonding  of 
thermoplastic  components  in  the  material  system  is  thermally  driven,  temperature  history 
of  interfaces  determine  the  bonding  quality.  Detailed  thermal  analysis  of  deposition  region 
and  layer  building  simulation  for  a  model  geometry  have  been  performed  to  investigate 
local  and  global  material  behavior  during  processing.  A  simple  transport  property 
prediction  model  has  also  been  developed  for  the  determination  of  thermal  transport 
properties  of  the  particle  loaded  systems  used  in  Fused  Deposition.  Based  on  the 
information  obtained  from  thermal  models,  a  computationally  efficient  part  building 
model  has  been  developed  to  predict  bonding  quality  in  the  whole  part.  The  model  is 
driven  by  the  same  command  file,  sml  file,  that  drives  the  Fused  Deposition  hardware; 
and  hence  is  capable  of  replicating  the  building  process.  The  model  has  been  tested  for  a 
model  geometry,  spur  gear,  and  three  dimensional  bonding  quality  distribution  has  been 
predicted  for  the  part. 


1.  Introduction 

Fused  Deposition  process  has  been  available  for  a  number  of  thermoplastic  materials  [1]. 
Recent  research  efforts  have  been  directed  towards  production  of  ceramic  and  metallic 
green  bodies  with  Fused  Deposition  technologies  [2],  These  green  bodies  then  undergo 
binder  burnout  and  sintering  operations,  which  result  in  fully  dense  functional  parts. 
Employment  of  particle  filled  material  systems  required  hardware  and  software 
modifications  for  Fused  Deposition,  besides  the  ongoing  development  effort  for  fused 
deposition  of  neat  thermoplastic  materials  [3]. 
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As  part  of  the  ongoing  development  effort  for  fused  deposition  of  particle  filled  systems, 
process  analysis  tools  are  being  developed  [4,5,6].  These  tools  will  be  instrumental  in 
achieving  relative  materials  selection  and  processing  freedom  in  significantly  large  subsets 
of  engineering  materials  space.  The  tools  will  also  be  utilized  for  manufacturability 
assessment,  and  part  quality  prediction  purposes. 

Present  paper  outlines  the  progress  that  has  been  made  in  the  process  analysis  of  road 
cooling  and  diffusion  bonding  phase  of  Fused  Deposition.  Next  section  describes  a  simple 
computational  model,  which  is  capable  of  predicting  effective  transport  properties  of 
particle  loaded  heterogeneous  systems.  Section  three  presents  a  detailed  local  model  for 
thermal  analysis  of  deposition  region.  Section  four  presents  the  semi-global  heat  transfer 
model  for  layer  building,  where  the  production  of  a  whole  layer  is  simulated.  Section  five 
outlines  the  heuristic  part  building  model  developed,  which  is  capable  of  extracting 
geometrical  information  and  process  scenario  out  of  the  FD  command  file.  Finally, 
conclusions  are  given  in  section  six. 

2.  Thermal  Conductivity  Prediction 

A  simple  numerical  experiment  has  been  devised  to  predict  the  thermal  conductivity  of 
particle  loaded  thermoplastic  binder  systems.  A  finite  element  model,  which  is  capable  of 
solving  two-dimensional  steady-state  heat  conduction  equation  on  heterogeneous  material 
systems,  has  been  developed.  A  rectangular  geometry  has  been  chosen  as  the  experiment 
geometry,  Figure  1 .  Top  and  bottom  sides  of  the  rectangle  are  insulated,  left  boundary  is 
kept  at  a  constant  temperature  and  constant  heat  flux  boundary  conditions  are  prescribed 
at  the  right  boundary.  A  skin  layer  is  generated  along  constant  temperature  and  heat  flux 
boundaries.  Random  pattern  generators  are  utilized  to  generate  random  compositions  for 
the  specified  particle  volume  percent. 


0.0  0.2  0.4  0,6  0.6  1.0  1.2 


Figure  1 .  Sample  Microstructure  and  Geometry 

The  heat  transfer  problem  is  solved,  and  average  temperature  is  obtained  for  the  constant 
heat  flux  boundary.  Analytical  solution  for  one-dimensional  conduction  problem  is 
utilized  to  calculate  the  effective  thermal  conductivity  of  the  part.  The  solution  for  a 
sample  materials  system  is  presented  in  Figure  2.  Thermal  conductivity  prediction  for 
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%56  has  been  validated  with  Modulated  Differential  Scanning  Calorimetry  for  RU960, 
and  the  results  are  given  in  Table  I. 


Effective  Thermal  Conductivity  vs  Volume  Fraction 


Figure  2.  Dependence  of  Effective  Thermal  Conductivity  on  Particle  Volume  Fraction 


Thermal  Conductivities  fW/(m*K)l 

Binder 

Particle 

0.1 

20 

Predicted  Ke 

Measured  Ke 

1.2  (+-  0.2) 

1.17 

Table  I.  Validation  of  Thermal  Conductivity  Model  for  RU960 

It  has  been  observed  from  simulations,  that  the  effective  material  thermal  conductivity  is 
sensitive  binder  thermal  conductivity.  The  dependence  of  k_eff  on  k__p,  is  weak 
especially  for  higher  kjp  to  k_b  ratios.  Hence,  a  stainless  steel  particle  loaded  material 
system  has  more  or  less  the  same  thermal  conductivity  of  silicon  nitride  loaded  material  if 
particle  volume  fractions. 

3.  Detailed  Thermal  Analysis  of  Deposition  Region 

Current  Fused  Deposition  hardware  has  been  designed  for  thermoplastic  material 
production.  The  liquefier  temperature  is  set  just  above  the  viscosity  drop  temperature. 
Deposited  material  cools  fast,  forming  a  seam  with  previously  deposited  material.  If  the 
frame  of  observation  is  fixed  with  the  deposition,  it  can  be  observed  that  the  seam  length 
and  depth  changes  dynamically.  For  material  systems  loaded  with  particles  to  high 
volume  fractions,  and  have  the  same  thermoplastic  materials  binder;  liquefier  temperatures 
need  to  be  elevated  significantly  (50  -  80  C)  to  enable  FD  of  these  materials.  The  modified 
rheology  of  the  particle  loaded  materials  necessitates  this  overheating.  Magnitude  of  seam 
length  and  depth  are  changed  significantly  too  due  to  the  availability  of  the  extra  thermal 
energy. 
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A  two-dimensional  quasi  steady-state  thermal  model  has  been  developed  to  investigate 
the  effect  of  process  parameters  as  well  as  size  effects  on  temperature  distribution.  It  has 
been  assumed  that  the  deposition  process  takes  place  on  an  adiabatic  table,  previously 
deposited  roads  have  been  quenched  to  ambient  temperature,  and  deposition  head  thermal 
dynamics  may  be  replaced  by  a  constant  effective  liquefier  temperature  and  the  worktable 
translating  at  a  constant  speed.  Lateral  cooling  in  z-direction  may  be  represented  by  a  sink 
term  in  the  governing  equation. 

The  governing  equation  becomes  steady  state  two  dimensional  advection-conuction 
equation  with  a  convective  cooling  sink  term.  Constant  ambient  temperatures  are 
specified  at  upstream  boundary  and  no  conduction  boundary  condition  at  the  downstream 
boundary.  Imperfect  thermal  contact  is  allowed  between  fresh  road  and  substrate  by 
defining  a  finite  interface  heat  transfer  coefficient,  which  makes  the  temperature  field 
discontinuous  across  the  interface.  Constant  effective  liquefier  temperature  is  assigned  at 
deposition  boundary,  and  convective  cooling  boundary  conditions  for  the  rest  of  the 
boundaries. 

Finite  volume  method  was  used  for  discretization  of  governing  equation  as  well  as  the 
boundary  conditions.  Upwinding  methods  have  been  utilized  for  the  discretization  of 
advective  terms.  Iterative  solution  schemes  display  relatively  stable  solution  behavior  due 
to  the  presence  of  sink  terms  in  the  governing  equation. 

Effects  of  process  parameters  on  temperature  distribution  are  described  elsewhere  [7]. 
Size  dependence  effects  are  depicted  in  this  paper.  Figure  3  shows  the  temperature 
distributions  for  three  different  number  of  roads  in  the  substrate.  RU960  material,  with 
.508  mm  road  width  and  approximately  100  mm  road  length  was  simulated.  Deposition 
speed  was  .5  “/s,  ambient  temperature  was  selected  as  30  C,  and  effective  liquefier 
temperature  as  150  C.  Empirical  thermal  properties  have  been  used  for  RU960. 
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Figure  3.  Temperature  Distribution  for  Two  and  Ten  Road  Substrates 
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Dependence  of  Active  Interface  Length  to  #  of  Roads  and  Deposition  Speed 


Figure  4.  Size  and  Deposition  Speed  Dependence  of  Seam  Length 


Figure  4  shows  the  effect  of  deposition  speed  and  substrate  size  on  the  seam  length.  The 
first  two  data  points  for  each  deposition  speed  curve  have  been  interpolated  from  the 
available  temperature  data.  The  same  figure  also  shows  that  the  seam  length  becomes  size 
independent  for  substrates  which  contain  more  than  four  roads.  Hence  the  bonding 
enhancement  per  pass  is  greater  for  less  populated  road  areas. 
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4.  Layer  Building  Model 


Although  detailed  information  is  produced  through  detailed  local  models,  dynamic 
collective  behavior  of  a  roads  that  make  up  the  part  is  also  important.  Previously 
developed  [6]  multi-road  models  have  been  extended  to  layer  building  model, 
incorporating  perimeters/raster/grid  style  roads.  For  reasons  of  computational  efficiency, 
the  roads  are  idealized  as  one  dimensional  thermal  entities,  which  are  also  capable  of 
lateral  thermal  interactions  with  eachother  when  brought  together.  Mathematical  form  of 
equations  are  the  same  as  [6],  bookkeeping  algorithms  needed  to  be  developed  for 
inclusion  of  perimeter  and  raster  style  roads.  The  temperature  evolution  of  a  sample 
rectangular  layer,  with  long  raster  scans  is  shown  in  Figure  5. 


Figure  5.  Temperature  Evolution  for  Rectangular  Layer  Geometry 

Temperature  signatures  shown  in  Figure  6,  for  long  and  short  raster  scans  show  different 
thermal  paths  the  material  points  are  experiencing.  For  long  raster  scans  the  material 
points  that  are  at  the  center  of  the  raster  are  visited  twice  as  many  times  as  the  material 
points  at  raster  ends;  and  the  frequency  of  visits  changes  continuously  along  a  raster  line. 
For  short  raster  lines  on  the  other  hand  this  effect  becomes  less  pronounced,  and  the 
decoupling  of  material  points  occurs.  Temperature  measurements  made  with 
thermocouples,  verified  this  behavior  differences.  Considering  the  geometrical  complexity 
and  arbitrariness  of  raster  fills  for  real  life  parts,  it  is  safe  to  hypothesize  that  different 
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material  points  in  the  layer  may  experience  very  different  thermal  histories  during 
production. 


Figure  6.  Temperature  Signatures  for  Long  and  Short  Rasters 


5.  Part  Building  Model 

Thermal  layer  building  model  would  be  computationally  expensive,  if  it  would  have  been 
used  for  the  simulation  of  production  of  whole  part.  All  the  geometrical  information,  and 
most  of  the  process  parameter  information  for  the  production  of  a  given  part  is  contained 
in  an  ASCII  command  file,  sml  file,  which  is  sent  to  FD  hardware  controller  for  part 
production.  Interpreter  codes  have  been  developed  to  extract  geometrical  and  process 
parameter  information  out  of  this  file,  enabling  the  digital  replication  of  building  process. 
This  replication  capability  introduced  the  possibility  of  detecting  internal  build  errors. 

It  is  assumed  that  bonding  quality  of  interfaces  in  the  part,  is  a  monotonically  increasing 
function  of  time  spent  above  the  critical  bonding  temperature  and  temperature  differential, 
hence  a  heuristic  geometrical  model  has  been  devised  for  part  building  simulation.  The 
model  may  be  summarized  as  : 

1.  An  effect  zone,  bonding  cloud,  is  attached  to  the  deposition  head  during  the 
production. 

2.  The  shape  of  the  cloud  is  allowed  to  change  during  the  production,  depending  on  the 
instantaneous  process  parameters  and  production  scenario.  For  the  simulation 
presented  in  this  paper  an  ellipsoidal  shape  was  utilized. 
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3.  Bonding  potential  is  null  outside  the  bonding  cloud.  The  bonding  potential  is 
maximum  at  the  deposition  tip,  and  decays  exponentially  with  increasing  distance 
from  the  deposition  dip. 

4.  At  each  time  step  during  the  simulation,  the  material  points  which  have  already  been 
produced  and  fall  into  the  bonding  cloud  are  detected. 

5.  The  bonding  metric  at  these  material  points  is  incremented  by  an  amount  determined 
by  the  local  bonding  potential  distribution,  and  time  step. 

6.  Time  stepping  is  continued  till  the  end  of  part  building. 

23  Layer  Spur  Gear 


Figure  7.  Geometry  of  Spur  Gear,  Layers  23, 12  and  1  (top  to  bottom) 

A  23  layer  spur  gear  geometry  has  been  chosen  as  the  test  case.  Selective  layers  of  the 
part  are  shown  in  Figure  7.  Figure  8  shows  the  corresponding  bonding  metric  distribution 
in  the  depicted  layers.  The  most  important  finding  was  the  existence  of  bonding  metric 
gradients  across  the  part.  Generally  speaking  topmost  layers  tend  to  have  lower 
magnitudes  bonding  metric  distributions.  The  absence  or  low  levels  of  reheating  due  to 
subsequent  layer  deposition  for  top  layers  produces  lower  vales  for  bonding  metric.  If  on 
the  other  hand  the  spatial  extent  of  bonding  cloud  was  restricted  to  one  interface,  this 
gradient  effect  diminishes  producing  nearly  uniform  bonding  metric  distribution  in  z- 
direction.  The  bonding  metric  distribution  in  a  given  layer  depends  on  the  building  style 
and  how  much  time  the  deposition  head  spends  at  material  points  of  interest. 
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Figure  8.  Bonding  Metric  Distributionsfor  Layers  23,  12  and  1 


6.  Conclusions  and  Ongoing  Work 

Road  cooling  and  bonding  phase  of  Fused  Deposition  process  has  great  influence  on  final 
part  quality.  Since  green  part  quality  effects  the  downstream  operations  of  binder  burnout 
and  sintering,  process  analysis  tools  have  been  developed  to  understand  and  control  this 
phase.  A  microstructure  dependent  transport  property  prediction  tool  has  been 
developed  for  particle  loaded  systems.  This  prediction  tool  may  be  used  to  assess  the 
thermal  suitability  of  future  binder  and  particle  systems.  Detailed  thermal  analysis  of 
deposition  region  has  been  performed,  and  the  effects  of  process  parameters  as  well  as 
substrate  size  have  been  quantified.  It  has  been  observed  that  the  extent  of  remelt  zone 
can  extend  as  well  as  two  road  widths  for  materials  systems  of  interest.  An  unsteady 
layer  building  model  has  been  developed  and  employed  for  dynamic  thermal  behavior  of  a 
model  layer  geometry.  Predicted  temperature  signatures  show  a  variety  of  different 
cooling  behavior  categories  even  in  a  single  layer.  Also,  temperature  measurements  have 
been  performed  with  thermocouples  to  investigate  the  temperature  signature  of  material 
points  in  multi-layer  parts.  Significant  behavior  differences  have  been  found  for  different 
build  styles.  Since  thermal  simulation  of  whole  part  building  is  computationally 
expensive,  a  command  file  ( sml)  driven  heuristic  part  building  model  has  been  developed. 
The  model  is  tested  using  a  realistic  part ,  namely  23  layer  spur  gear.  Model  predicted 
bonding  quality  gradient  between  layers  (poor  bonding  for  top  layers),  and  also  within  a 
given  layer. 
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Nonisothermal  bonding  behavior  of  particle  loaded  material  systems  employed  in  FD  is 
being  assessed,  to  calibrate  and  validate  bonding  quality  distributions  predicted  by  part 
building  model.  Local  deposition  model  is  being  extended  into  three-dimensions.  Layer 
building  model  is  also  being  extended  to  include  up  to  four  layers. 
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Selective  Laser  Sintering  Part  Strength  as  a  Function  of 
Andrew  Number,  Scan  Rate  and  Spot  Size 

John  Williams,  David  Miller  and  Carl  Deckard 
Clemson  University 
Clemson,  SC  29634 

Selective  Laser  Sintering  has  been  modeled  analytically  and  numerically,  and 
studied  experimentally.  Further  investigation  is  necessary  to  couple  the  results  of 
modeling  with  experimental  data.  At  Clemson  University,  numerical  modeling  of 
heat  transfer  phenomena  is  used  to  predict  temperatures  within  the  powder  layer 
as  a  function  of  process  parameters.  Efforts  are  focused  on  delivering  process 
speed  up  through  improved  process  understanding.  Initial  modeling  results  and 
current  understanding  of  the  effects  of  process  parameters  on  the  strength 
properties  of  freeform  parts  produced  by  the  SLS  process  are  presented. 


Objective 

The  objective  of  this  work  is  to  improve  the  understanding  of  the  Selective  Laser  Sintering 
process  in  order  to  further  improve  the  process  by  predicting  “good”  combinations  of  process 
parameters.  Current  work  is  focused  on  process  understanding  of  heat  transfer  within  the  powder 
layer  with  process  speedup  as  the  most  significant  performance  improvement  priority. 

Issues 

One  logical  approach  to  process  speed  up  is  to  increase  the  laser  power  and  laser  beam  velocity 
proportionally.  A  practical  limit  to  this  approach  has  been  found  by  SLS  workstation  operators. 
In  fact,  the  maximum  default  laser  power  setting  for  processing  of  polycarbonate  powder  is  1 6- 
20  watts  even  though  the  commercial  SLS  workstations  are  capable  of  delivering  about  2-3  times 
that  power  to  the  image  plane.  The  energy  delivery  is  limited  due  to  an  increase  in  the  thermal 
gradient  within  the  layer  as  the  laser  power  is  increased.  The  result  is  a  greater  peak  temperature 
at  the  surface  with  a  less  significant  average  temperature  rise  within  the  layer.  As  the  peak 
temperature  increases,  the  heat  lost  by  radiation  increases.  As  velocity  and  power  are  increased 
the  degradation  temperature  of  the  powder  will  be  exceeded  leading  to  a  reduction  in  mechanical 
properties  and  a  loss  of  energy. 

Minimizing  thermal  gradients  within  the  powder  layer  is  a  major  process  issue  in  SLS.  Deckard 
[1]  has  proposed  SLS  process  speed  up  through  improved  modeling  and  control  of  thermal 
gradients.  Many  research  efforts,  such  as  investigation  into  active  energy  delivery  control  [2], 
will  benefit  from  development  of  a  closed  form  model  predicting  physical  properties  of  freeform 
parts  as  a  function  of  the  process  parameters. 
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Previous  Modeling 


Selective  Laser  Sintering  has  been  modeled  analytically  and  numerically,  and  studied 
experimentally.  Analytical  modeling  does  not  lead  to  a  closed  form  solution  if  radiation  or 
degradation  is  included.  Numerical  modeling  and  experimental  studies  lead  to  an  understanding 
of  the  effects  of  input  parameters  on  temperature  within  a  layer  and  part  strength  among  other 
physical  properties.  However,  it  is  necessary  to  relate  the  results  of  such  modeling  to  process 
understanding  to  produce  an  equation,  or  set  of  equations,  for  predicting  part  strength  as  a 
function  of  all  the  key  input  parameters  taking  into  account  all  of  the  significant  phenomena. 

Nelson  [3]  has  developed  a  relative  measure  of  the  energy  density  delivered  to  the  image  plane. 
The  Andrew  number,  AN,  is  the  relative  energy  density  defined  as  a  function  of  three 
independent  process  parameters, 


A 


N  ~ 


P 

V-HS 


0) 


where  P  is  the  laser  power  in  [W],  V  is  the  laser  beam  velocity  in  [m/s],  HS  is  the  hatch  spacing 
in  [m]  and  AN  is  measured  in  [J/m2].  It  has  been  shown  that  the  energy  density  is  useful  for 
relating  physical  properties  of  parts  built  by  SLS  to  the  three  independent  process  parameters  [4]. 
In  its  simplest  form,  the  energy  density  can  be  used  to  predict  physical  properties  such  as  flexural 
strength,  a,  by  including  an  empirical  constant,  k1; 


It  is  apparent  that  this  model  has  some  limitations.  First,  equation  (2)  predicts  an  extremely  high 
flexural  strength  for  parts  produced  at  a  very  high  laser  power  or  a  very  low  laser  beam  velocity. 
Clearly,  this  is  not  accurate.  From  this  argument,  one  can  see  that  this  equation  is  only  valid  over 
a  small  range  of  energy  density  and  that  this  equation  is  most  useful  for  looking  at  the  tradeoffs 
between  the  three  independent  process  parameters  that  make  up  the  Andrew  number.  Second, 
equation  (2)  does  not  directly  account  for  re-radiation  of  the  laser  beam  energy  from  the  powder 
surface  and  energy  lost  during  the  time  between  successive  scans.  Third,  equation  (2)  does  not 
directly  account  for  the  effects  of  thermal  degradation  of  the  powder. 

Designed  experiments  were  conducted  at  Clemson  University  using  polymer  coated  steel 
powder.  Miller  [5]  developed  a  measure  of  build  speed  for  the  SLS  process.  The  scan  rate,  SR, 
is  defined  as  the  area  scanned  by  the  laser  beam  per  unit  time, 


SR  =  V  ■  HS  (3) 

where  V  is  the  laser  beam  velocity  in  [m/s],  HS  is  the  hatch  spacing  in  [m]  and  SR  is 
measured  in  [m2/s].  By  combining  scan  rate  and  an  empirical  constant,  k2,  with  equation  (2), 
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Miller  determined  the  flexural  strength  of  composite  parts  could  be  accurately  predicted  using 
equation  (4), 

o=k1AN-k2SR  (4) 

Equation  (4)  demonstrates  that  a  larger  proportional  increase  in  power  is  necessary  to  maintain  a 
desired  strength  as  scan  rate  is  increased.  This  model  is  also  only  valid  over  a  small  range  of 
energy  density. 

To  improve  understanding  of  the  strength  and  physical  properties  of  freeform  parts  produced  by 
the  SLS  process,  a  model  which  accounts  for  losses  due  to  radiation  and  thermal  degradation  in 
addition  to  the  energy  density  is  necessary. 


Approach 

General  Overview:  A  finite  difference  heat  transfer  model  is  used  to  generate  data  relating 
maximum  temperature  at  the  surface  and  interior  of  the  powder  layer  to  input  parameters.  Data 
from  the  finite  difference  model  and  experimental  data  generated  in  the  previous  phase  of  the 
project  are  fit  with  equations  of  a  form  suggested  by  process  understanding  and  research. 
Finally,  experimental  studies  to  verify  the  equation  are  conducted. 

Finite  Difference  Modeling:  A  four  element,  one-dimensional  finite  difference  heat  transfer 
model  with  material  properties  which  are  assumed  invariant  with  changes  in  temperature  is  used. 
Heat  generated  by  previously  scanned  layers  is  ignored.  The  assumptions  of  one  dimensional 
heat  transfer  and  constant  material  properties  has  been  shown  to  yield  reasonable  results  [3,6]. 
The  finite  difference  model  is  used  to  predict  temperature  profiles  at  the  surface  and  three  depths 
within  the  powder  layer  for  a  given  set  of  material  properties  and  process  parameters.  The 
general  validity  of  the  finite  difference  model  was  confirmed  by  comparing  results  from  the  one 
dimensional  conduction  model  presented  by  Mendez  [6].  For  this  study,  laser  power,  laser  beam 
velocity,  scan  spacing,  scan  line  length  and  laser  beam  spot  size  are  the  five  independent  process 
parameters  of  interest. 

Determining  the  Equation:  The  maximum  temperature  reached  at  each  node  for  a  combination  of 
process  parameters  is  recorded.  A  candidate  equation  with  unknown  coefficients  is  proposed 
based  on  process  understanding.  An  unconstrained  nonlinear  optimization  routine  is 
implemented  to  fit  the  proposed  equation  to  the  simulation  data  determining  the  unknown 
coefficients. 

Modeling  Results 

For  the  purpose  of  demonstration  a  base  case  is  chosen  using  polycarbonate  powder  and  typical 
process  parameters  listed  in  Table  1 . 


Case 

Radius,  R 
[m] 

Power,  P 
[W] 

Velocity,  V 
[m/s] 

Hatch  Spacing,  HS 
[m] 

Length,  L 
[m] 

Energy  Density,  AN 
[J/m2] 

l 

1.53E-4 

18 

1.64 

5.10E-5 

2.54E-2 

2.15E+5 

2 

5.08E-4 

36 

1.64 

1.02E-4 

2.54E-2 

2.15E+5 

Table  1.  Base  case  process  parameters 
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Figure  1  shows  the  temperature  profile  for  the  four  nodes  in  the  finite  difference  model  using  the 
small  laser  beam  spot  size  and  the  process  parameters  listed  as  case  1.  In  this  figure  the 
temperature  at  the  surface  is  represented  by  the  temperature  at  node  1,  Tl,  and  the  temperature 
within  the  layer  is  represented  by  the  interior  node  temperatures  in  order  of  increasing  depth,  T2, 
T3  and  T4.  Figure  2  shows  the  temperature  profile  for  the  same  four  nodes  using  the  large  laser 
beam  spot  size  and  the  process  parameters  listed  as  case  2.  It  should  be  noted  that  case  2  using 
the  large  spot  size  has  twice  the  scan  rate,  twice  the  number  of  exposures  to  laser  beam 
irradiation,  the  same  energy  density  and  a  small  reduction  in  the  peak  temperature  as  compared 
to  case  1  using  the  small  spot  size. 

Figures  3  and  4  show  the  maximum  temperature  attained  at  each  node  while  varying  laser  power 
for  case  1  and  2  respectively.  The  figures  show  a  linear  increase  in  both  the  maximum 
temperature  at  each  node  and  the  thermal  gradient  with  an  increase  in  power.  An  overall 
reduction  in  the  thermal  gradient  is  shown  for  the  case  using  the  large  spot  size. 

Figures  5  and  6  show  the  maximum  temperature  attained  at  each  node  while  varying  laser  beam 
velocity  for  case  1  and  2  respectively.  The  figures  show  a  nonlinear  decrease  in  maximum 
temperature  at  each  node  as  well  as  a  decrease  in  the  thermal  gradient  within  the  layer  as  laser 
beam  velocity  is  increased.  An  overall  reduction  in  the  thermal  gradient  is  shown  for  the  case 
using  the  large  spot  size. 

For  the  purpose  of  modeling,  interior  node  3  is  used  to  represent  temperature  within  the  layer. 
Figures  7  and  8  show  the  maximum  temperature  attained  at  node  3  as  a  function  of  velocity  for 
four  different  energy  density  values.  In  order  to  maintain  a  constant  energy  level,  power  and 
velocity  are  varied  proportionally  and  hatch  spacing  is  constant.  The  plots  show  that  the 
maximum  temperature  attained  at  node  3  is  constant  over  the  range  of  velocity  at  each  energy 
density.  Therefore,  equation  (2)  is  adequate  for  predicting  temperatures  in  this  region.  The 
dashed  lines  are  the  results  from  fitting  equation  (2)  to  the  data  represented  in  figures  7  and  8. 
This  result  is  contrary  to  expectations.  Studies  have  shown  a  great  dependence  of  physical 
properties  in  SLS  parts  on  the  velocity,  scan  line  length  and  time  delay  between  scans  [5,7]. 
Figures  7  and  8  seem  to  indicate  little  dependence  of  temperature  on  radiation.  This  leads  one  to 
believe  that  thermal  gradients  and  thermal  degradation  have  a  greater  influence  on  the  physical 
properties  of  freeform  parts  than  energy  loss  due  to  radiation. 

Conclusions 

Current  modeling  of  strength  properties  of  freeform  parts  built  by  the  SLS  process  was 
presented.  Further  investigation  into  coupling  experimental  results  with  numerical  modeling 
have  been  initiated.  A  numerical  model  for  predicting  temperature  profiles  within  a  powder  layer 
was  implemented  successfully.  Initial  results  show  process  parameter  effects  on  maximum 
temperature.  It  can  be  concluded  from  the  results  presented  that  thermal  gradients  within  the 
layer  can  be  reduced  and  scan  rate  increased  using  the  large  laser  beam  spot  size. 
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Contradictions  between  model  results  and  process  experience  indicate  a  need  for  expanding  the 
numerical  model  to  include  temperature  dependence  of  the  material  properties  and  losses  due  to 
thermal  degradation.  More  work  is  necessary  to  define  an  explicit  equation  which  yields  insight 
into  the  effects  of  process  parameters  on  the  development  of  thermal  gradients  and  mechanical 
properties  of  SLS  freeform  parts. 
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Figure  3.  Plot  of  maximum  temperature  attained  within  a  layer  varying  power  using  the  small  spot  size 
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Figure  4.  Plot  of  maximum  temperature  attained  within  a  layer  varying  power  using  the  large  spot  size 
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Figure  6.  Plot  of  maximum  temperature  attained  within  a  layer  varying  velocity  using  the  large  spot  size 
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Finite  Element  Analysis  of  Curl  Development 
in  the  Selective  Laser  Sintering  Process 

K.W.  Dalgarno,  T.H.C.  Childs,  I.  Rowntree  &  L.  Rothwell 
Department  of  Mechanical  Engineering,  University  of  Leeds,  Leeds,  LS2  9JT,  UK. 

Abstract 

The  work  reported  within  this  paper  is  concerned  with  the  development  of  analytical 
procedures  which  will  allow  the  accuracy  of  parts  generated  by  selective  laser  sintering  to  be 
predicted.  One  source  of  inaccuracy  is  curl,  which  results  in  curved  part  edges  of  flat  plates 
manufactured  lying  horizontally  in  the  part  bed.  This  paper  reports  on  the  use  of  finite  element 
techniques  to  model  the  development  of  curl.  The  models  have  been  validated  through 
comparison  of  f.e.  results  with  the  results  of  experimental  builds,  and  extended  to  allow  the 
influence  of  “bases”  on  the  development  of  curl  to  be  examined. 

1.  Introduction 

Curl  in  selectively  laser  sintered  parts  arises  mainly  from  thermal  distortion  of  parts  within 
the  build  volume  during  processing.  This  results  in  nominally  flat  surfaces  which  lie  horizontally 
in  the  part  bed  becoming  warped.  Figure  1  shows  schematically  how  a  nominally  rectangular  90 
x  26  mm,  50  layers  thick  polycarbonate  plate  made  by  SLS  will  exhibit  curl. 


Previous  work  [1]  has  identified  different  regions  of  curl  within  a  part.  A  microscopic 
amount  of  curl  exists  as  a  result  of  the  definition  which  can  be  expected  from  the  process. 
Thereafter  the  curl  can  be  divided  into  two  effects.  The  first  of  these  appears  over  approximately 
the  2.5  mm  of  part  closest  to  the  edge  of  the  part  and  on  parts  of  with  the  geometry  shown  in 
Figure  1  has  a  radius  (Ri  in  Figure  1)  of  around  20  mm.  The  second  extends  from  the  end  of  Ri 
approximately  10  mm  further  towards  the  centre  of  the  part  and  has  a  radius  (Rn  in  Figure  1)  of 
around  60  mm.  Ri  curl  has  been  seen  to  exist  from  the  sintering  of  the  first  layer  m  part  build, 
while  Rn  curl  seems  to  develop  as  layers  are  added  to  the  part.  This  paper  reports  on  the  use  of 
the  finite  element  method  to  analyse  the  development  of  Rn  curl  in  rectangular  polycarbonate 
plates  made  by  the  SLS  process  on  a  DTM  Sinterstation  2000.  One  particular  area  of  interest 
was  the  localised  nature  of  the  curl:  previous  work  had  failed  to  identify  any  reason  why  the  curl 
should  be  confined  to  the  part  edges. 
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Previous  work  also  investigated  the  effect  of  bases  on  Rn  curl.  Figure  2  shows  results  from 
an  experimental  investigation  into  the  effect  of  the  power  input  to  the  base,  |P/(Us)  W  on  the 
resulting  Rn  curl.  The  graph  in  Figure  2  suggests  that  bases  have  no  effect  on  Rn  curl  until  the 
base  is  sufficiently  dense  to  offer  some  restraint,  but  that  thereafter  no  additional  benefi  is 
derived  by  further  increasing  the  density  of  the  base.  The  reasons  for  this  were  not  u  y 
understood  and  a  further  aim  of  the  finite  element  work  was  an  investigation  of  this  effect. 

200  r  ^ - - 


Figure  2  -  Effect  of  Energy  Input 
to  Base  on  Ru  Curl.  From  [1]. 


u  0.02  0-04  0-06 

[P/(Us)]b3Se,J/mm2 

The  finite  element  method  has  previously  been  used  by  Bugeda  et  al  [2]  to  study  curl 
development  in  the  stereolithography  process.  They  concluded  that  curl  in  stereolithography 
arose  from  volumetric  shrinkage  of  the  resin  when  cured.  There  are  seen  to  be  two  mechanisms 
for  curl  development  within  selectively  laser  sintered  parts.  The  first  of  these  is  shrinkage  as  a 
result  of  the  sintering  process,  and  the  second  is  a  thermal  strain  which  results  from  powder  to 
form  the  next  layer  being  deposited  on  the  most  recently  scanned  layer.  The  fresh  powder  layer 
is  at  a  lower  temperature  than  the  scanned  layer,  and  so  will  produce  some  thermal  contraction 
within  the  scanned  layer.  Both  of  these  mechanisms  result  in  compressive  strains  in  the  layers  as 
they  are  built.  The  approach  taken  within  the  work  reported  here  has  been  to  use  the  finite 
element  method  to  model  part  build  by  adding  layers  of  elements  to  represent  the  addition  o 
material  to  a  part,  and  introducing  compressive  strains  into  the  layers  as  they  are  added. 

2.  Finite  Element  Model  of  Part  Build 

The  finite  element  solver  used  within  the  work  described  here  was  ABAQUS/Standard  [3]. 


2.1  Geometry 

Figure  3  shows  the  finite  element  mesh  used  within  the  analysis.  The  mesh  represents  the 
first  10  layers  of  the  90  x  26  mm  rectangular  polycarbonate  plate  part  described  above.  All  layers 
excepting  the  first  two  have  a  thickness  of  0.125  mm,  which  was  the  default  layer  thickness 
within  the  manufacture  of  the  parts.  The  first  layer  has  a  thickness  of  0.66  mm,  and  the  second  a 
thickness  of  0.25  mm.  These  thicknesses  are  based  on  measurement  of  layer  thickness  on  one 
and  two  layer  parts  with  the  same  cross  sectional  area.  Further  measurements  indicated  hat 
subsequent  layers  were  the  expected  0.125  mm  deep.  The  additional  thickness  m  these  first  wo 
layers  is  as  a  result  of  “bonus  z”,  whereby  additional  material  is  sintered  early  in  the  build  as  a 
result  of  large  thermal  penetration  into  the  part  bed.  The  model  was  symmetric  about  the  centre 
of  the  plate,  and  so  only  half  the  plate  has  been  modelled.  2D  analysis  was  used  as  it  was  the 
distortion  along  the  90  mm  length  of  the  plate  that  was  of  interest. 
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Figure  3  -  Finite  Element  Mesh 


The  elements  used  within  the  analysis  were  four  noded  coupled  temperature-displacement 
plane  stress  elements.  Coupled  elements  allowed  for  the  compressive  strain  to  be  introduced  to 
the  layers  as  they  were  built  by  artificially  lowering  the  temperature  locally  within  the  mesh.  The 
procedure  used  was  to  initially  define  the  elements  for  all  ten  layers  that  would  be  built.  The 
elements  for  layers  two  to  ten  were  then  removed  from  the  analysis  (using  the  *MODEL 
CHANGE  card  within  ABAQUS)  and  re-introduced  layer  by  layer  as  the  analysis  progressed. 


The  part  bed  has  been  modelled  as  a  rigid  surface.  In  practice  the  surface  is  unlikely  to  be 
rigid,  but  if  the  part  bed  is  assumed  to  remain  at  the  same  temperature  throughout  the  sintering 
process  it  is  likely  that  the  bed  will  be  stiff  relative  to  the  part. 


2.2  Material  Properties 

The  parameters  used  in  building  the  parts  produced  parts  with  a  density  of  700  kg/m  .  The 
modulus  of  the  polycarbonate  within  the  analysis  was  assumed  to  be  50  MPa,  with  a  Poisson’s 
ratio  of  0.4.  There  is  no  real  scientific  basis  for  the  use  of  an  elastic  material  model,  or  for  its 
value.  In  the  absence  of  better  material  property  data  a  “smeared”  elastic  response  has  been 
assumed  in  order  to  evaluate  the  usefulness  of  the  finite  element  method  in  modelling  the 
selective  laser  sintering  process.  Further  work  is  planned  to  gain  more  information  on  material 
property  values  through  the  sintering  process. 

The  interaction  between  the  part  and  the  part  bed  was  modelled  with  a  coefficient  of  friction 
of  1.  This  high  coefficient  of  friction  value  was  chosen  to  reflect  the  fact  that  the  real  surfaces 
would  be  quite  rough,  giving  high  resistance  to  relative  movement. 

2.3  Boundary  Conditions  and  Loading 

The  first  step  within  the  analysis  was  to  analyse  the  first  layer.  The  only  boundary  condition 
applied  was  to  enforce  symmetry;  the  nodes  at  the  centre  of  the  part  were  therefore  constrained 
not  to  move  in  the  1  direction  (shown  in  Figure  3).  A  gravity  load  was  applied  as  a  body  force  to 
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all  elements  active  in  the  model.  The  compressive  strain  was  then  imposed  on  the  layer  by 
artificially  reducing  temperature  within  the  model.  The  strain  imposed  using  this  method  was  2.6 
x  10  4.  Initially  larger  values  for  the  developed  strain  were  used,  on  the  basis  of  calculations  by 
Childs  et  al  reported  in  [1],  but  these  values  were  found  to  overestimate  the  amount  of  curl.  It 
may  be  that  initially  large  strains  in  the  layers  may  be  somewhat  relaxed  by  temperatures 
developed  in  a  layer  while  subsequent  layers  are  being  scanned.  After  the  first  layer  has  been 
loaded  in  this  way  the  elements  making  up  the  second  layer  were  introduced,  and  the  gravity  load 
and  compressive  strain  applied  to  them,  with  this  procedure  repeated  until  all  ten  layers  of  the 
part  had  been  introduced  and  loaded.  Figure  4  shows  a  detail  of  the  resulting  displaced  mesh. 


In  order  to  validate  the  analysis  the  results  have  been  compared  with  the  measurements  of 
experimental  builds.  Table  1  shows  how  the  results  from  the  finite  element  model  compare  with 
measurements  of  distortion  on  two  and  ten  layer  parts  of  the  same  geometry.  The  data  points 
used  are  away  from  the  outer  edge  of  the  part  to  avoid  confusion  with  Ri  curl.  The  results  shown 
in  Table  1  were  taken  as  indicating  that  the  distortions  predicted  by  the  finite  element  model 
were  of  a  similar  order  to  those  exhibited  by  the  parts. 

The  results  overall  suggested  that  the  combination  of  gravity  loads,  the  strain  induced  within 
layers  as  they  are  manufactured,  and  part/bed  interaction  leads  to  Rn  curl  being  seen  only  close  to 
part  edges. 


Measured  displacement  in  2  direction 

3.25  mm  from  part  edqe  on  two  layer  part 

0.025  mm 

FE  predicted  displacement  in  2  direction 

3.25  mm  from  part  edae  after  two  layers  built 

0.011  mm 

Measured  displacement  in  2  direction 

5.5  mm  from  part  edge  on  ten  layer  part 

0.05  mm 

FE  predicted  displacement  in  2  direction 

5.5  mm  from  part  edge  after  ten  layers  built 

0.052  mm 

Table  1  -  Comparison  Between  FE  Predictions  and  Measurement  of  Distortion 
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3.  Analysis  of  the  Effect  of  Bases 


Figure  2  shows  that  the  effect  of  bases  on  Rn  curl  is  dependent  on  the  power  input  per  unit 
area  to  the  base.  The  power  input  effectively  defines  the  density  developed  within  volume  being 
scanned  by  the  laser.  It  is  assumed  that  the  region  in  Figure  2  where  the  base  has  no  effect  is  due 
to  the  lightly  sintered  powder  being  unable  to  sustain  any  load  (and  therefore  acting  in  the  same 
manner  as  the  powder  bed).  In  order  to  investigate  the  results  shown  in  Figure  2  analyses  with 
bases  appropriate  to  [P/(Us)]base  values  of  0.035  and  0.06  J/mm2  have  been  carried  out,  to  try  to 
identify  why  no  further  improvement  occurs  beyond  that  shown  for  a  [P/(Us)]baSe  value  of  0.35 
J/mm2.  These  two  values  of  [P/(Us)]baSc  would  be  expected  to  generate  base  densities  of  580  and 
700  kg/m3  respectively  (the  higher  value  being  a  base  with  the  same  density  as  the  part  being 
built). 

3.1  Model  Development 

The  mesh  used  for  analysing  the  effect  of  a  base  density  of  580  kg/m3  is  shown  in  Figure  5. 
The  model  operated  in  essentially  the  same  way  as  that  described  for  part  build.  The  base  used  in 
the  analysis  is  four  layers  thick,  corresponding  to  those  used  to  carry  out  the  measurements 
shown  in  Figure  2.  The  depth  of  the  first  two  layers  in  the  build  (in  this  case  the  first  two  layers 
of  the  base)  has  been  changed  as  the  “bonus  z  effect  increases  with  sintering  power. 
Measurements  on  50  layer  parts  gave  “bonus  z”  values  for  a  part  made  with  a  laser  power  of 
0.035  J/mm2  as  around  half  of  that  for  a  part  made  with  a  laser  power  of  0.06  J/mm2.  The  depth 
of  the  first  two  layers  was  therefore  halved.  The  layer  thickness  in  the  model  for  a  base  with  a 
density  700  kg/m3  was  the  same  as  for  the  analysis  described  in  section  2. 
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In  both  cases  the  base  was  extended  2  mm  beyond  the  part  in  the  1  direction.  This  is 
approximately  what  the  radius  of  the  base  (which  is  cylindrical)  would  have  been.  The 
cylindrical  shape  of  the  base  means  that  a  3D  analysis  would  have  been  necessary  to  reflect  the 
part  geometry  completely.  A  2D  analysis  was  retained  for  computational  efficiency,  althoug 
this  means  that  the  effect  of  a  large  area  of  base  material  is  lost.  The  effect  that  the  area  of  the 
base  has  on  part  curl  was  investigated  by  carrying  out  one  further  analysis  with  a  base  which 
extended  7  mm  beyond  the  part.  This  analysis  was  carried  out  with  a  geometry  and  materia 
properties  appropriate  to  a  base  with  a  density  of  700  kg/m  . 

After  the  base  and  two  layers  of  part  contained  within  the  base  have  been  completed  the 
addition  of  subsequent  layers  deposits  powder  on  top  of  the  protruding  part  of  the  base.  e 
effect  this  has  was  modelled  by  applying  a  pressure  load  to  the  top  of  the  elements  of  the  fourth 

base  layer. 


When  bases  are  used  the  layers  which  occupy  space  within  the  base  cylinder  and  the  part 
volume  are  scanned  twice  by  the  laser.  The  laser  first  rasters  the  base  layer,  with  the  laser  power 
per  unit  area  appropriate  for  the  base,  before  rastering  the  part  layer,  again  with  the  appropriate 
laser  power  per  unit  area.  It  has  been  assumed  within  the  analyses  that  the  second  raster  causes 
the  strain  developed  during  the  first  raster  to  be  relieved  (initial  analyses  suggested  that  if  this 
were  not  the  case  the  part  made  with  a  700  kg/m3  density  base  would  curl  more  than  the  part 
made  with  no  base  at  all).  For  the  700  kg/m3  density  base  it  has  been  assumed  that  all  of  the 
developed  strain  is  relieved  by  the  second  raster.  For  the  580  kg/m3  base  it  has  been  assumed 
that  amount  of  strain  developed  during  the  first  raster  is  proportional  to  the  amount  of 
densification  which  takes  place.  When  the  second  raster  occurs  this  strain  is  assumed  to  be 
relieved,  but  a  further  strain  imposed,  as  the  density  of  the  layer  goes  from  580  kg/m  to  700 
Wm3  By  this  reasoning  a  strain  of  1.46  x  Iff4  is  assumed  to  be  developed  within  layers  1  &  2 
in  the  model  of  the  580  kg/m3  base  build.  The  modulus  of  the  580  kg/m  base  within  the  model 
was  16  7  MPa,  experimental  measurement  of  the  room  temperature  elastic  modu  us  o 
polycarbonate  parts  made  by  laser  sintering  suggested  that  a  580  kg/m  part  would  have  one  third 
of  the  modulus  of  a  700  kg/m3  part.  The  modulus  value  for  the  580  kg/m  dense  material  was 
therefore  taken  as  one  third  of  that  used  for  the  700  kg/m  dense  material.  The  Poisson  s  ra  10 
was  assumed  to  be  0.4.  To  further  investigate  the  effect  of  the  second  raster  releasing  the  strain 
in  the  layer  as  sintered  one  further  analysis  was  carried  out.  This  analysis  used  the  same  mesh  as 
for  the  part  built  without  a  base,  but  assumed  that  the  first  two  layers  were  rastered  twice.  The 
first  two  layers  were  therefore  assumed  to  have  no  developed  strain. 

Other  than  the  points  mentioned  above  the  analysis  procedure,  material  properties  and 
loading  were  the  same  as  that  for  the  part  without  a  base  described  in  section  2. 


3.2  Results  and  Discussion 

The  results  from  the  four  analyses  can  be  seen  in  Figure  6,  where  the  position  of  the  lower 
surface  of  the  part  after  two  and  ten  layers  have  been  built  within  each  of  the  analyses  is  plotted 
together  with  the  results  obtained  for  the  analysis  of  a  part  without  a  base. 
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Hgure  6  -  Predicted  Movement  of  Lower  Part  Surface  Under  Various  Processing 
Conditions  After  (a)  2  Layers  Modelled,  and  (b)  10  Layers  Modelled. 

Ongm  (0,0)  at  the  Centre  of  the  Lower  Surface  of  the  Plate 
(No  Base,  Rastered  Twice  -  2  Layers  Showed  No  Movement) 


Consideration  of  the  results  shown  in  Figure  6  leads  to  several  observations:- 


(l)  The  use  of  a  2D  analysis  underestimates  the  effect  the  base  has  on  reducing  Rn  curl  The 
results  shown  for  the  analysis  of  a  700  kg/m3  density  base  and  a  580  kg/m3  density  base  do  not 
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differ  significantly  from  those  of  the  part  built  without  a  base.  The  results  for  the  analysis  carried 
out  where  an  additional  5  mm  of  base  material  were  added  show  a  significant  reduction  in  the 
amount  of  curl  generated.  This  would  suggest  that  the  additional  area  of  cylindrical  base  not 
taken  into  account  by  a  2D  model  would  have  an  effect  on  the  amount  of  curl  generated. 

(ii)  The  analyses  with  the  580  kg/m  and  700  kg/m3  density  bases  show  very  little  difference 
in  terms  of  the  developed  RD  curl.  The  residual  strain  in  the  first  two  layers  of  the  part  in  the  case 
of  the  580  kg/m  density  base  is  greater  than  that  for  the  700  kg/m3  base,  however  this  seems  to 
be  offset  by  this  strain  being  applied  to  material  with  a  lower  density,  modulus  and  (because  of 
the  effect  of  “bonus  z”)  depth.  This  provides  some  insight  into  the  effect  shown  in  Figure  2. 

(iii)  The  results  suggest  that  sintering  the  first  two  layers  twice  to  relieve  the  strain 
developed  in  these  layers  would  reduce  the  amount  of  curl  developed.  As  the  results  of  the 
analyses  of  parts  with  bases  is  thought  to  underestimate  the  effect  that  the  base  has,  further 

work  will  be  required  to  assess  whether  or  not  the  benefit  derived  is  as  great  as  that  from  usin^ 
a  base.  ‘  c 

4.  Conclusion 


The  finite  element  method  has  been  shown  to  be  of  value  in  understanding  curl  in  selectively 
laser  sintered  components.  The  characteristic  shape  of  components  exhibiting  curl  is  considered 
to  arise  from  the  interaction  of  strain  developed  in  the  layers  of  the  part  during  the  build  process 
and  gravity  forces.  The  effect  of  bases  on  Rn  curl  has  also  been  analysed,  and  qualitative 
agreement  between  analysis  and  experiment  shown.  The  work  has  made  major  assumptions  with 
regard  to  material  properties  and  viscosity,  and  further  work  will  address  these  issues. 
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Modelling  Simple  Feature  Creation  in  Selective  Laser  Sintering 

Ryder  G.  J.,  Berzins  M.,  Childs  T.  H.  C. 

University  of  Leeds 


A  two  dimensional  finite  difference  thermal  sintering  model  has  been  created  to  describe 
the  Selective  Laser  Sintering  process(SLS).  It  includes  thermal  property  variation  with  position 
and  temperature,  and  especially  adaptive  meshing  to  refine  information  in  regions  of  high 
temperature  gradients.  It  has  been  used  to  predict  density  and  temperature  in  both  single  and 
multi  layer  sintering  operations,  corresponding  to  experimental  results.  This  paper  will  present 
comparisons  of  theory  and  experiment  for  the  SLS  of  simple  geometries  such  as  blocks,  steps, 
and  cylinders. 


INTRODUCTION 

Earlier  work  [1-3]  has  reported  the  advances  in  the  modelling  of  the  sintering  process  at 
Leeds.  Initial  thermal  modelling  with  classical  moving  heat  source  theory  has  been  superseded 
by  finite  difference  numerical  methods  using  adaptive  meshing  which  is  the  key  feature  of  the 
software  VLUGR2  [4],  The  work  is  currently  restricted  to  two  dimensional  modelling.  The  work 
presented  here  takes  this  work  a  step  further.  Bonus  Z  (Z+),  curl  and  growth  are  well  reported 
[2,3]  as  the  limiting  accuracy  associated  with  the  sintering  process.  Z+,  and  growth  are  also 
known  to  be  related  to  a  build  up  of  excess  heat  within  the  system.  At  least  two  types  of  curl 
have  been  distinguished.  The  first  is  as  a  result  of  the  thermal  stresses  built  up  within  a  material 
as  it  shrinks,  resulting  in  the  curling  of  the  whole  layer  or  part,  and  will  be  referred  to  as  ‘major 
curl’.  The  second,  that  is  confined  to  the  very  edges  of  a  part,  seems  to  be  as  a  result  of  the 
original  sintering  of  the  powder,  and  will  be  known  as  minor  curl.  It  is  minor  curl  that  can  be 
illustrated  in  this  work. 

The  present  generation  of  SLS  machines  does  not  have  the  facility  to  vary  energy  input  to 
the  powder  bed  point  to  point.  Some  of  the  problems  described  above  are  orientation  and  part 
geometry  dependent.  Better  understanding  could  lead  to  a  reduction  of  the  problems  through  the 
more  flexible  control  of  the  laser  operating  parameters.  The  aim  of  this  work  is  to  develop 
strategies  that  will  be  applicable  to  future  generations  of  sintering  machines. 

THEORY 

Figure  1,  [1],  shows  the  simplified  model  of  the  rastering  laser  that  has  been  introduced  to 
describe  SLS  in  two  dimensions.  As  described  in  [1]  when  scan  spacing,  s  <  beam  diameter,  d 
and  if  the  cycle  time  2w/U  is  less  than  the  time  d 2/k  for  heat  to  diffuse  d  (where  k  is  the  thermal 
diffusivity),  the  laser  spot,  with  power  P,  may  be  replaced  by  a  rectangular  blade  source  of  side  d 
x  w,  of  power  Q  per  unit  area,  sweeping  across  the  block  with  speed  V  in  the  x  direction  where 

Q  =  Vusd 
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Figure  1 :  Scanning  model.  Figure  2:  Flow  chart  of  AMP2  model. 


Figure  1  describes  the  laser  tracking  over  a  simple  rectangular  patch,  to  sinter  one  layer  of 
a  rectangular  part.  It  may  be  thought  of  as  one  slice  of  a  three  dimensional  part,  in  which  shape 
can  be  created  by  displacing  one  layer  in  the  X  direction  relative  to  the  last  and/or  by  changing 
the  length  of  the  layer  in  the  X  direction.  This  is  the  focus  of  this  paper.  A  flow  chart  of  the 
multi-layer  computer  model  is  shown  in  figure  2.  The  model  has  been  called  AMP2,  or  Accurate 
Multi-Layer  Prediction  model  in  2D,  and  has  been  used  in  this  report  to  generate  simple 
geometries  such  as  blocks,  steps  and  cylinders  that  can  be  compared  with  experimental  data.  In 
this  paper  numerical  results  from  AMP2  will  mainly  be  discussed,  and  initial  comparisons  will 
be  made  with  experimental  work. 

At  the  start  of  the  run  three  external  files  are  opened  and  their  contents  read  into  the 
program.  VLUGR.dat  contains  information  relevant  to  the  running  of  the  VLUGR2  software: 
domain  data,  tolerance  data,  and  Partial  Differential  Equation(PDE)  data.  GEOM.dat  contains  the 
geometry  data  including  the  scan  spacing,  scan  vector  length,  and  the  start  and  end  coordinates  of 
each  layer.  Finally  LASER.dat  contains  the  LASER  data:  laser  power,  laser  spot  size,  and  the 
scan  speed.  This  data  is  used  to  create  the  specific  sintering  model  within  VLUGR2  which  then 
calculates  the  temperature/time  history  and  the  sintering  behavior  of  the  model. 

The  model  is  based  around  two  major  PDEs,  the  heat  conduction  equation  (2)  and  the 
viscous  sintering  equation  (3)  in  which  s  is  the  void  fraction 
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where  k'  =  Aexp| 

An  important  feature  of  equation  (2)  is  that  it  retains  terms  in  conductivity  varying  with 
position  and  temperature,  as  described  briefly  in  ref(3).  A  difference  from  earlier  papers  [1]  is 
that  it  does  not  contain  a  convection  (moving  heat  source)  term.  In  the  present  treatment,  the 
moving  heat  source  is  treated  as  a  moving  flux  boundary  condition.  The  temperature/time  history 
of  the  powder  is  calculated  as  the  laser  passes  by.  The  void  fraction  variation  described  by 
equation  (3)  is  calculated  simultaneously,  and  this  feeds  back  into  the  heat  conduction  equation 
via  the  variation  of  thermal  conductivity  with  position.  While  the  void  fraction  is  calculated 
simultaneously,  the  overall  shrinkage  (depression  of  the  powder  surface)  that  takes  place  as  a 
result  of  the  solidification  of  the  powder  is  calculated  as  a  post  processing  operation,  [1,2], 
Because  this  is  the  case  care  is  needed  in  the  interpretation  of  the  conductivity  terms  in  eqn  (2). 

Equation  2  does  not  contain  the  latent  heat  terms  that  are  required  to  model  crystalline 
polymers.  At  this  stage  the  model  is  still  restricted  to  the  modelling  of  amorphous  polymers  such 
as  polycarbonate.  For  polycarbonate  from  Nelson  [5], 

Cp  =  935  +  2.287  (J/Kg)  (5) 

while  the  thermal  conductivity  model  is  stated  as 

KmUd  =  0.025 1  +  0.0005T  (W/mm-K)  (6) 

In  previous  work  [2,3],  a  simplified  expression  was  used  for  the  conductivity  of  the  powder  or 
partially  sintered  material 
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^ powder  ^ solid  ( ^  ^ )  (7u) 

As  a  result  of  measurements  still  in  progress  the  following  is  now  preferred 

K powder  =KsM/(l-GS)  (7b) 


with  a  value  of  <s  =  0.5.  This  empirical  expression,  valid  for  the  range  of  void  fraction  seen  in 
SLS,  is  still  substantially  simpler  than  the  expression  used  by  Nelson  [5,6].  From  equation  7b  the 
temperature  and  spatial  variation  of  K  in  equation  2  becomes 
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where  here  n  represents  either  the  x,  or  y  axes.  Notice  here  that  the  K  is  the  conductivity  of  the 
solid,  while  the  K  prefixing  the  first  term  on  the  right  hand  side  of  equation  2  and  p  on  the  left 
hand  side  is  that  of  the  initial  bed  density. 
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The  sintering  prediction  is  performed  in  two  distinct  operations.  The  first  is  to  calculate 
the  sintering  behavior  of  the  first  single  layer,  in  which  the  phenomenon  of  Z+  is  observed.  It  is 
this  operation  that  has  been  reported  previously  [3].  The  second  is  the  sintering  of  the  subsequent 
layers  whose  sintering  behavior  is  affected  by  the  presence  of  the  immediately  previous  layer. 
The  effect  of  this  previous  layer  is  to  conduct  the  heat  away  from  the  sintering  region  more 
quickly  resulting  in  a  reduced  sintering  depth.  AMP2  eliminates  the  computational  expense  of  a 
large  number  of  layers  by  only  modelling  two  layers  at  a  time,  the  layer  being  sintered  and  the 
immediately  previous  layer. 

By  sintering  behaviour  is  meant  the  calculation  of  void  fraction  with  position,  from 
equations  2  and  3.  The  shrinkage  of  the  layer  is  then  calculated.  Information  of  the  density  and 
shrinkage  of  the  first  layer  are  re-entered  as  initial  conditions  to  the  sintering  calculation  of  the 
next  layer.  Once  all  layers  have  been  modelled  the  complete  layer  data  is  entered  into  VLUGR2 
and  this  data  is  the  dump  to  an  external  file.  Currently  a  single  average  run  with  P=11W, 
s=0.15mm,  U=1190  mm/s,  creating  a  part  length  of  5mm  and  10  layers  thick  can  take  30  hours 
using  an  average  number  of  35,000  grid  points. 

Two  major  geometries  have  been  modelled  using  the  AMP2  model:  blocks  and  steps.  A 
brief  examination  of  cylinders  has  also  been  undertaken,  but  only  a  preliminary  report  of  this  is 
included  here.  The  blocks  are  the  simplest  geometry.  A  simple  diagram  of  the  three  dimensional 
geometry  is  shown  in  figure  3.  This  is  in  fact  the  geometry  that  was  built  within  the  SLS 
machine,  the  numerical  model  looked  at  the  cross  section  of  this  part  along  the  length,  L.  e 
step  and  cylinder  geometries  are  likewise  shown  in  figure  3. 


Figure  3:  Block,  step  and  cylinder  geometries. 

Only  part  of  the  cylinder  geometry  is  modelled.  The  difference  of  scale  between  the 
overall  size  of  the  object  and  the  area  being  sintered  coupled  with  the  memory  requirements  of 
the  VLUGR2  software  make  it  difficult  to  model  the  entire  geometry.  Therefore  only  those 
regions  that  are  of  interest  are  modelled.  Region  1,  the  bottom  of  the  cylinder,  is  prone  to  Z+  on 
the  bottom  layer  causing  the  geometry  to  become  oval.  Region  2,  the  top  inside  diameter,  is 
known  also  to  suffer  this  type  of  problem  resulting  in  a  flattening  of  this  inside  diameter. 

The  AMP2  model  as  presented  here  allows  the  user  to  control  the  sintering  variables  of 
laser  power,  scan  spacing,  scan  vector  length,  dwell  time,  laser  spot  diameter,  and  laser  scan 
speed.  By  manipulating  these  variables  it  is  possible  to  model  simple  two  dimensional  sintering 

strategies. 


570 


EXPERIMENTATION 


The  numerical  calculations  from  AMP2  have  been  compared  with  two  types  of  tests: 
calibration  experiments  and  ones  in  which  blocks,  and  steps  were  created. 

The  calibration  experiments  have  been  reported  before.  Simple  rectangular  blocks  were 
built  with  powers  from  4  to  19 Watts,  scan  speeds  from  51  to  1206mm/s  and  scan  spacings  from 
0.08  to  0  41mm.  The  densities  of  these  parts  were  measured  and  the  average  layer  density 
calculated.  The  AMP2  predictions  are  compared  with  this. 

Experimental  pieces  ten  layers  thick  corresponding  to  powers  of  6,  11,  and  22  Watts, 
s=0. 1 5mm,  w=25mm,  and  U=1190mm/s  were  built  in  the  SLS  machine.  Once  built  these  were 
mounted  for  microscopic  examination  in  EPOFIX  cold  setting  resin  using  the  vacuum 
impregnation  technique.  These  were  then  ground,  polished  and  photographed  in  order  that  they 
could  be  compared  with  the  numerical  results  obtained  from  AMP2. 

NUMERICAL  AND  EXPERIMENTAL  RESULTS 

Figure  4  shows  the  calibration  tests.  Figure  4a  shows  calculated  layer  thickness  for  the 
first,  second  and  third  layer  of  a  part.  The  Z+  phenomenon  is  clearly  visible  as  a  greater  thickness 
of  the  first  few  layers;  the  results  are  in  accord  with  experiments  [3].  Figure  4b  shows  the 
variation  of  the  average  layer  density,  once  the  steady  state  thickness  of  the  layer  has  been 
obtained.  The  error  bars  mark  experimental  results,  the  line  is  the  prediction  from  AMP2. 
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Figure  4:  Multi  layer  model  calibration  data  (a)  layer  thickness  vs.  layer  number  ▲  22W  ■ 
1 1 W  •  6W  (b)  layer  density  vs.  power  density  for  experiment  and  current  AMP2  model. 


Figure  5:  Single  layer  after  shrinkage  calculation. 


571 


Contour  plots  of  the  densification  data  obtained  from  VLUGR2  are  created  using  the 
UNIMAP  software,  a  component  of  the  UNIRAS  suite.  At  this  stage  of  the  research  they  are  a 
geometrical  representation  only:  they  show  only  the  distinction  between  solid  and  powder. 
Figure  5  shows  a  single  layer  output  from  AMP2  after  the  shrinkage  post  processor  has  been 
applied.  In  this  case  it  was  built  at  P-1 1 W,  U-860mm/s,  s=0.203mm.  The  cause  of  minor  curl 
can  clearly  be  seen  on  the  downward  facing  surface,  the  rounding  of  the  edge  caused  by  the 
initial  sintering  of  the  layer. 

Figure  6  shows  AMP2  results  for  10  layer  thick  block  (a,  close  up  d)  and  step  (b,  close  up 
e)  models  built  at  6W  power  (c  defines  the  grey  scales).  The  models,  nominally  1.25  mm  thick, 
are  actually  1 .3  mm  as  a  result  of  only  a  small  amount  of  Z+  creation.  The  model  predicts  some 
unsintered  powder  between  each  layer.  In  the  step  model,  each  of  the  top  five  layers  shows  a 
small  step  or  change  of  level  as  it  crosses  over  the  edge  of  the  step. 


Figure  7:  Geometry  data  for  1 1 W,  all  dimensions  mm. 

Figure  7  shows  the  1 1 W  power  block  and  step  AMP2  output,  total  thickness  of  the  block 
has  increased  to  1 .4  mm  due  to  greater  Z+.  Little  unsintered  powder  remains  inside  the  model.  In 
figure  7d,  the  change  of  the  upper  part  of  the  model’s  layer  level  at  the  step  edge  cross-over  can 

still  be  seen. 
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At  22W  (figure  8),  the  block  appears  fully  dense.  It  has  become  1 .7  mm  thick,  due  to 
large  Z+  which  also  gives  a  marked  rounding  (curl)  to  the  bottom  surface. 


Figure  8  :  Block  geometry  at  22Watts,  all  dimensions  mm. 


Figure  9  shows  region  1  of  the  11W  AMP2  cylinder  model  as  described  in  the  theory 
section.  The  thickness  of  the  10  layers  is  1.45  mm,  corresponding  to  0.2  mm  Z+.  The  leading 
(left-hand)  edge  is  rippled.  This  is  the  same  effect  as  seen  in  the  step  models  (figures  6d  and  7d) 
in  which  layer  level  changes  as  it  passes  over  the  edge  of  a  previously  sintered  layer. 


Figure  9:  Cylinder  multi  layer  model,  region  1,  all  dimensions  mm. 

Initial  experimental  results  are  shown  in  figure  10.  Part  a  shows  the  structure  of  a  single 
layer  block  built  at  1 1 W:  it  shows  the  same  curl  as  in  figure  5.  Part  b  is  a  10  layer  block  to  be 
compared  with  figure  7a:  it  is  more  clearly  layered  than  is  figure  7a;  also  the  left-hand  edge  is 
clearly  not  as  square  as  in  figure  7a.  Part  c  is  a  detail  of  a  step  to  be  compared  with  figure  7d:  the 
change  of  level  of  a  layer  as  it  crosses  the  step  edge  can  be  seen.  Part  d  is  a  10  layer  block  built  at 
22 W  for  comparison  with  figure  8.  The  large  circular  black  regions  are  closed  pores  not 
predicted  by  the  model  and  different  in  structure  from  parts  made  at  1 1 W. 

DISCUSSION  AND  CONCLUSION 

The  2D  AMP2  program,  including  variation  of  thermal  conductivity  with  position  and 
temperature  and  with  an  improved  expression  for  thermal  conductivity  (equation  7b)  accurately 
predicts  part  density  and  bonus  Z  (Z+).  It  is  starting  to  be  used  to  model  simple  features  in 
comparison  with  experiments  and  shows  promise  of  being  able  to  guide,  after  further  post¬ 
processing  development,  strategies  for  more  accurate  sintering  to  shape,  involving  variable 
power  according  to  part  geometry.  However  some  features  on  even  simple  shapes,  such  as  the 
non-square  edge  in  figure  1 0c,  show  the  equal  importance  of  being  able  to  model  post-sintering 
distortion  due  to  viscous  relaxation  of  internal  stresses.  Experimental  studies  also  show  that  the 
sintering  process  itself,  in  extreme  conditions  such  as  the  high  laser  power  in  figure  1  Od,  is  more 
complicated  than  suggested  by  the  simple  rate  model  of  equation  3. 
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Abstract 

To  gain  a  thorough  understanding  of  the  fault  mechanisms  in  SLS  machines,  we  decom¬ 
pose  SLS  profile  signals  into  independent  features  using  a  novel  tool  called  Karhunen-Loeve 
(KL)  transform.  These  individual  features  can  then  be  studied  separately  to  monitor  the 
occurrence  of  fault  patterns  on  manufactured  parts  and  determine  their  nature.  Analytical 
signals  with  known  fault  patterns,  simulating  profile  measurement  signals  from  SLS  parts, 
are  used  to  determine  the  suitability  of  the  proposed  method.  Multi-component  patterns 
are  assumed  to  manifest  on  SLS  part  surfaces,  resulting  from  faults  in  the  machine,  for 
example,  the  roller  mechanism.  The  results  of  this  work  determine  the  suitability  of  the  KL 
transform  for  condition  monitoring  and  extraction  of  fault-indicating  patterns. 


Fault  Patterns  on  Manufactured  Parts 

Detecting  and  quantifying  faults  that  occur  during  manufacturing  is  necessary  to  ensure  the 
efficient  production  of  accurate  parts.  The  field  of  fault  detection  and  diagnosis  in  manufacturing 
aims  at  eliminating  the  occurrence  of  faults  by  continuously  monitoring  the  process,  detecting 
faults,  and  taking  corrective  action.  In  this  paper,  the  focus  is  on  monitoring  the  condition  of 
surface  quality.  The  surface  is  measured  at  regular  intervals  for  the  purpose  of  detecting  any 
degradation  on  part  surface  quality.  Faults  or  deviations  in  the  dynamics  of  the  manufacturing 
machine  or  its  submechanisms  are  assumed  to  leave  a  “fingerprint”  on  the  surface  of  the  part  being 
manufactured,  which  manifest  as  fault  patterns.  These  are  the  fault  patterns  that  we  seek  to  detect, 
quantify,  and  diagnose,  in  order  to  take  remedial  action  if  necessary. 

A  fault  is  defined  as  the  inability  of  a  system  to  perform  in  an  acceptable  manner  [9],  Faults 
typically  manifest  themselves  as  deviations  in  observed  behavior  from  a  set  of  acceptable  behaviors. 
Fault  detection  is  the  recognition  of  an  unacceptable  behavior;  and  fault  diagnosis  is  the  identifica¬ 
tion  of  a  component  or  set  of  components  in  the  system  that  causes  the  fault  [9].  As  part  of  fault 
detection,  analysts  collect  data,  extract  relevant  features,  and  compare  these  extracted  features  to 
a  specification  of  correct  or  incorrect  data  [5,  9]. 

The  method  of  feature  extraction  and  selection  is  a  critical  factor  in  detecting  the  correct  fault- 
indicating  features  from  manufacturing  signals.  Complex  signals  are  best  analyzed  and  processed 
using  signal  processing  tools.  In  this  research,  we  aim  to  develop  a  unified  method  to  detect  and 
diagnose  the  correct  features  in  an  accurate  fashion. 

The  most  reliable  methods  of  fault  diagnosis  utilize  signal  processing  algorithms  to  extract  fault 
features.  Poorly  performing  fault  monitoring  and  diagnosis  systems  are  common  in  industry,  and 
they  result  in  frequent  false  alarms  or  insensitivity  to  a  legitimate  failure  condition  [10].  It  is  often 
difficult  to  detect  the  proper  features  in  the  presence  of  random  effects  and  nonstationarities.  The 
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task  of  diagnosis  is  often  too  complex  and  unreliable  because  of  errors  introduced  due  to  the  careless 
selection  of  signal  processing  algorithms  [10].  As  a  result,  in  this  research,  signal  processing  methods 
will  be  investigated  to  evaluate  their  suitability  as  feature  extraction  methods.  Specifically,  fault 
patterns  on  manufactured  part  surfaces  will  be  analyzed  to  determine  the  character,  severity,  and 
origin  of  faults  that  result  in  poor  surface  quality. 

Similarly,  ongoing  research  aims  at  finding  the  best  approach  to  classify  the  extracted  features, 
in  order  to  determine  the  existence  and  cause  of  a  fault.  This  step  typically  relies  on  previously 
known  limits  and  specifications,  or  previously  known  fault  patterns.  The  most  traditional  approach 
to  detect  faulty  features  or  patterns  is  to  compare  the  observed  features  to  previously  known 
features.  In  this  research,  we  want  to  develop  a  diagnosis  method  that  does  not  rely  on  previous 
knowledge.  A  good  example  of  such  a  case  is  a  completely  new  system  where  there  is  not  enough 
prior  experience  and  system  models  for  fault  classification  are  not  available.  This  constitutes  a 
very  difficult  problem,  as  it  requires  any  type  of  fault  pattern  to  be  recognized,  quantified,  and 
diagnosed,  without  prior  knowledge  of  the  expected  faults. 

We  propose  to  develop  a  fault  detection  and  diagnosis  approach  composed  of  signal  processing 
tools  that  will  detect  and  quantify  a  fault-indicating  pattern  (feature),  regardless  of  the  type  and 
characteristics  of  the  patterns  and  the  observed  signals,  and  that  will  diagnose  the  originating  source 
of  the  fault,  without  relying  on  previous  knowledge  or  known  patterns  of  faults.  We  aim  to  do  this 
in  the  context  of  monitoring  and  controlling  part  surface  quality  in  manufacturing,  specifically,  in 
Selective  Laser  Sintering  [12]. 

To  satisfy  our  research  goals,  we  propose  a  five-step  approach,  shown  schematically  in  Figure  1. 
The  main  two  general  portions  of  this  approach  consist  of  feature  extraction  and  quantification  and 
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Figure  1:  Feature  Extraction  and  Fault  Diagnosis  Approach. 

feature  comparison  for  diagnosis.  To  obtain  a  decorrelated  decomposition  of  the  measured  signal,  we 
need  to  apply  a  mathematical  transformation  to  the  signal  [1,  14].  The  Fourier  transform  is  such  a 
tool,  resulting  in  a  decomposition  into  different  frequency  components  based  on  sines  and  cosines  as 
basis  vectors.  However,  the  decomposition  is  not  accurate  in  the  presence  of  nonstationary  features. 
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An  alternative  is  the  Karhunen-Loeve  (KL)  transform,  an  orthogonal  transform  which  decomposes 
the  signals  into  decollated  components  in  the  form  of  a  few  empirical  basis  functions  that  contain 
the  majority  of  the  variance  in  the  original  data.  The  most  common  application  of  this  transform 
is  to  detect  dominant  features  in  order  to  reconstruct  original  signals  with  lower  dimensionality. 
Recent  applications  include  recognition  of  faces  in  vision  and  turbulent  structures  in  fluids  [3,  6, 
8].  We  want  to  use  this  tool  in  detecting  features  in  manufacturing  signals,  specifically,  surface 
profiles  [11].  Our  main  purpose  is  to  extract  individual  patterns  and  study  their  characteristics  to 
determine  whether  they  correspond  to  significant  faults,  and  use  these  patterns  to  determine  their 
origin. 

This  paper  focuses  on  the  first  two  steps.  In  particular,  we  investigate  the  suitability  of  the 
Karhunen-Loeve  transform  to  provide  a  proper  decomposition  leading  to  accurate  fault  detection, 
quantification,  and  monitoring.  The  following  sections  describe  the  theory  and  motivation  of  the  KL 
transform  and  investigate  its  suitability  based  on  analytical  signals  which  model  multi-component 
signals  and  the  occurrence  of  faults. 


Karhunen-Loeve  Transform 

Orthogonal  transforms,  and,  in  particular,  the  optimal  Karhunen-Loeve  transform  (KL),  other¬ 
wise  known  as  the  Principal  Components  Analysis  in  the  statistical  literature,  are  used  in  a  variety 
of  signal  processing  applications  [1,  2,  3,  6,  8,  15].  However,  they  have  never  been  used  for  the 
purposes  of  fault  detection  and  diagnosis,  or  for  the  purposes  of  detecting  and  quantifying  faults  on 
manufactured  part  surfaces.  In  this  work,  we  extend  the  KL  transform  to  the  extraction  of  physical 
patterns  from  surface  signals;  the  purpose  is  to  decompose  multi-component  signals  into  individual 
patterns  and  study  their  characteristics  in  order  to  determine  the  occurrence,  severity,  and  shape 
of  each  fault.  We  want  to  assure  that  any  pattern,  including  stationary  and  nonstation  ary,  can  be 
detected  and  extracted  using  the  KL  transform.  This  information  will  later  be  used  to  diagnose 
the  origin  of  each  individual  fault. 

The  KL  transform  presents  a  great  advantage  when  investigating  the  occurrence  of  faults, 
especially  when  the  shape  of  the  fault  patterns  are  not  known  in  advance.  Orthogonal  transforms 
provide  a  decomposition  of  the  signal  into  its  high-energy  content  basis  functions,  leading  to  an 
accurate  decomposition  picture  in  the  time-domain  [1,  7].  Because  the  KL  method  decomposes 
signals  into  empirically  determined  basis  functions,  rather  than  pre-defined  sines  and  cosines,  any 
fault  pattern,  including  stationary  and  nonstationary  patterns,  can  be  detected  in  theory  using  this 
transform. 

Theory  and  Mathematics 

In  the  context  of  surface  profile  characterization,  the  signal  being  monitored  is  the  surface  profile 
of  an  SLS  part.  A  total  of  M  “snapshots”  are  assumed  to  be  collected  at  regular  intervals,  with  N 
points  each,  to  allow  for  a  continual  monitoring  of  the  state  of  operation. 

We  first  compute  the  mean  vector  Xave  =  jjy  Xm  over  the  total  of  M  samples  collected  from 
the  profile;  then  the  deviation  or  departure  y £,  =  Xm  —  Xave  of  each  sample  signal  from  the  mean 
is  computed.  The  mean  is  removed  to  simplify  the  mathematical  derivation  of  the  covariances  [4]. 
Next,  the  covariance  matrix  is  computed  as  follows: 

1  M 

^=j^J2yUym]T  (1) 

m=l 
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(2) 


The  eigenvectors  of  C  are  the  basis  functions  computed  from: 

The  eigenvalues  A  ,•  are  ordered  and  the  relevant  features  are  selected  by  choosing  the  first  n  <  N 
dominant  eigenvalues  from  the  set  of  solutions,  following  the  feature  selection  criterion  used  in  the 
literature  (about  90%  of  the  total  energy  is  sufficient  for  reconstruction  [3]).  The  coefficients  a;  are 
computed  by  projecting  each  sample  vector  deviation  yZi  onto  the  basis  vectors  Ui  from: 

a%  =  [Vm]TUi  (3) 

For  each  deviation  there  are  i  =  1  ...n  coefficients,  where  n  is  the  number  of  principal  eigen¬ 
vectors;  there  are  a  total  of  m  —  1...M  deviations  (snapshots).  From  another  point  of  view,  for 
each  principal  eigenvector  i  =  l...n,  there  are  m  =  1...M  coefficients.  The  collection  of  these  M 
coefficients  for  each  eigenvector  is  called  the  coefficient  vector;  hence,  there  are  as  many  coefficient 
vectors  as  there  are  eigenvectors.  Each  original  sample  vector  Xm  is  then  reconstructed  with  lower 
dimensionality  by  adding  this  linear  combination  to  the  sample  mean: 

n 

Xm  :=  Xave  ^  (4) 

izz  1 

Simulations  using  Analytical  Signals 

In  this  paper,  faults  are  simulated  in  the  context  of  parts  from  a  Selective  Laser  Sintering 
machine.  The  roller  in  the  SLS  machine  is  responsible  for  depositing  an  even  layer  of  powder  on 
the  powder  bed  [12,  13].  The  quality  (“evenness”)  of  the  surface  of  the  top  layer  of  powder  will 
determine,  in  part,  the  surface  quality  of  the  final  manufactured  part.  In  a  previous  paper,  the 
authors  have  shown  that,  with  certain  types  of  powder,  the  roller  leaves  “chatter  marks”  on  the 
surfaces  of  SLS  parts  [12,  13].  Any  undesirable  changes  in  the  dynamics  of  the  roller  will  result  in 
a  change  in  the  surface  quality  of  the  part  being  manufactured.  It  is  changes  such  as  these  that  we 
want  to  be  able  to  detect  using  the  KL  transform. 

In  order  to  test  the  suitability  and  limitations  of  the  KL  transform,  we  use  analytical  signals  in 
which  the  fault  patterns  are  known.  This  assures  the  accuracy  of  our  results,  since  we  know  exactly 
what  fault  patterns  the  decomposition  should  provide,  and  when  each  type  of  fault  pattern  occurs. 
We  first  simulate  cases  where  different  faults  occur  during  a  manufacturing  process,  and  compare 
these  cases  to  the  normal  state  of  operation.  With  these  simulations,  we  also  want  to  assure  that 
multicomponent  signals  are  decomposed  accurately,  whether  the  components  are  deterministic, 
stochastic,  stationary,  or  nonstationary.  Deterministic  and  stationary  changes  are  introduced,  as 
well  as  nonstationary  changes  over  the  entire  monitored  profile. 

The  “normal”  state  of  operation  is  assumed  to  produce  a  multicomponent  signal  with  2  si¬ 
nusoids,  in  the  form  of  A\sin(Fij )  +  A2<sm(F2j),  one  high  frequency  (F\  =  0.9  rad/ sec ),  small 
amplitude  ( A\  =  1  mm),  and  the  other  low  frequency  (F2  =  0.2  rad/ sec)  and  large  amplitude 
(A2  =  2  mm),  plus  random  (Gaussian)  noise  (zero  mean  and  low  variance  of  0.09).  This  situation 
illustrates  a  typical  operation  state,  in  which  rotating  components,  such  as  the  SLS  roller,  intro¬ 
duce  a  fundamental  sinusoidal  pattern,  plus  a  harmonic,  accompanied  with  random  noise  from  the 
machine  operation  or  other  conditions,  such  as  the  surface  texture  of  the  roller.  Faults,  such  as 
bearing  wear  or  misalignment,  introduce  either  additional  harmonics,  or  a  change  in  the  magnitude 
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Ind. 

Normal 

Abnormal  la 

Abnormal  lb 

Abnormal  2a 

Abnormal  2b 

Abnormal  3 

Abnormal  4 

1 

255.45 

633.47 

6938.42 

1006.66 

6232.03 

1037.00 

829.55 

2 

240.15 

530.83 

5738.31 

956.76 

5938.75 

954.40 

685.45 

3 

74.01 

240.76 

245.89 

72.23 

70.81 

618.54 

89.81 

|  4 

55.62 

235.70 

235.65 

57.30 

57.61 

485.89 

84.81 

5 

2.68 

2.81 

2.86 

2.59 

2.75 

2.66 

52.88 

6 

2.58 

2.39 

2.62 

2.27 

2.21 

2.24 

26.23 

7 

2.25 

2.25 

2.39 

2.25 

2.08 

2.12 

2.81 

8 

2.14 

2.00 

2.06 

2.00 

1.95 

1.98 

2.29 

9 

2.00 

1.73 

1.79 

1.97 

1.64 

1.74 

1.97 

10 

0.00 

0.00 

0.00 

0.00 

0.00 

0.00 

0.00 

Table  1:  Eigenvalues:  Normal  State  vs.  Abnormal  States 


of  the  fundamental  frequency  component.  In  addition,  offsets  or  linear  trends  may  be  introduced 
as  a  result  of  misalignment  in  the  non-rotating  elements.  In  the  following,  These  abnormal  cases, 
as  well  as  other  nonstationary  faults,  are  simulated  and  compared  to  the  normal  state  of  operation. 

In  the  following,  the  “eigenprofiles”  represent  the  principal  basis  patterns  on  the  entire  surface 
being  monitored.  Snapshots  are  collected  at  regular  intervals  to  monitor  the  condition  of  the  surface 
being  manufactured.  Significant  “eigenprofiles”  are  derived  from  a  covariance  matrix  to  provide  the 
shape  of  the  dominant  patterns  on  surface  profiles;  the  eigenvalue  corresponding  to  each  eigenpro¬ 
file  indicates  the  effectiveness  of  each  feature  to  represent  the  original  profile.  The  features  are  the 
coefficient  vectors  corresponding  to  each  eigenvalue;  these  indicate  any  change  in  amplitude  of  a 
dominant  eigenprofile  along  the  snapshots  collected  in  time  or  in  space,  corresponding  to  the  weight 
of  each  basis  eigenprofile  in  each  snapshot.  The  variance  of  the  coefficient  vectors  follows  the  mag¬ 
nitude  of  the  eigenvalue.  There  are  as  many  coefficient  vectors  as  there  are  dominant  eigenprofiles. 
The  coefficient  vector  contains  M  points,  indicating  the  change  over  M  profile  snapshots. 

Stationary  Changes  in  Deterministic  Components 

In  the  first  set  of  simulations,  the  normal  state  of  operation  is  assumed  to  produce  a  multi- 
component  signal  with  2  sinusoids  and  random  (Gaussian)  noise.  Ten  snapshots  are  assumed  to 
be  collected  over  the  entire  profile;  each  snapshot  has  256  sample  points.  The  following  set  of 
simulations  test  the  effect  of  stationary  changes  in  the  deterministic  components. 

Abnormal  States  la  and  lb 

In  the  first  case,  the  high  frequency  component  of  the  signal  increases  in  magnitude,  while  the 
second  component  remains  unchanged.  Abnormal  states  la  and  lb  represent  two  different  magni¬ 
tudes.  We  are  investigating  whether  changes  in  the  amplitude  of  one  of  the  sinusoidal  components 
of  the  multi-component  signal  can  be  detected  with  the  KL  transform.  This  might,  for  example, 
simulate  the  case  when  a  sinusoidal  pattern  on  the  SLS  surfaces,  caused  by  roller  chatter  [12], 
exceeds  its  normal  limits  in  magnitude,  thus  reducing  the  surface  precision  and  accuracy;  remedial 
action  will  have  to  be  taken  to  diagnose  the  cause  of  this  increase. 

The  eigenvalues  from  abnormal  states  la  and  lb,  compared  to  the  normal  state,  are  shown  in 
Table  1.  The  first  observation  is  that,  for  the  normal  state  of  operation,  the  multi-component  signal 
is  decomposed  into  4  significant  eigenvalues,  summing  to  98%  of  the  total  energy  in  the  signal.  The 
first  two  eigenvalues  (#1,#2)  correspond  to  low-frequency  sinusoidal  eigenprofiles,  while  the  next 
two  eigenvalues  (#3, #4)  correspond  to  high-frequency  sinusoidal  eigenprofiles. 
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For  abnormal  states  la  and  lb,  we  also  obtain  4  principal  eigenvalues  and  eigenprofiles.  As 
shown  in  Table  1,  when  we  increase  the  magnitude  of  the  high-frequency  component  of  our  original 
signal,  we  notice  that  the  eigenvalues  corresponding  to  the  high-frequency  component  increase  in 
magnitude.  The  eigenvalues  corresponding  to  the  low-frequency  component  remain  approximately 
the  same  as  in  the  normal  state  of  operation. 

These  trends  are  more  easily  noticeable  when  we  study  the  shape  of  the  eigenprofiles  and  the 
corresponding  coefficient  vectors.  The  first  four  eigenvectors  from  abnormal  states  la  and  lb, 
compared  to  the  normal  state,  are  shown  in  Figure  2.  The  corresponding  coefficient  vectors  are 
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Figure  2:  Principal  Eigenprofiles  from  Normal  vs.  Abnormal  States  la  &  lb 


shown  in  Figure  3.  Notice  that  the  shape  of  the  eigenprofiles  are  approximately  the  same  for  the 
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Figure  3:  Coefficient  Vectors:  Normal  vs.  Abnormal  States  la  &  lb. 

normal  state,  and  abnormal  states  la  and  lb.  This  result  is  expected  since  we  are  only  changing 
the  magnitude  of  the  high-frequency  sinusoidal  component,  and  not  the  frequency.  The  change 
in  magnitude  is  detected  using  the  coefficient  vectors.  Also  notice  that,  the  coefficient  vectors 
corresponding  to  the  high-frequency  component  show  a  steady  increase  in  magnitude,  On  the  other 
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hand,  the  coefficient  vectors  corresponding  to  the  low-frequency  component  show  no  detectable 
change.  The  change  in  magnitude  is  successfully  detected  by  monitoring  the  coefficient  vectors. 

Abnormal  States  2a  and  2b 

In  this  case,  we  simulate  an  increase  in  the  magnitude  of  the  low-frequency  component.  The 
simulation  results  show  that  the  eigenvalues  corresponding  to  the  low-frequency  component  in¬ 
crease  in  magnitude,  as  the  magnitude  of  the  low-frequency  sinusoidal  component  increases.  The 
eigenvalues  corresponding  to  the  high-frequency  components  remain  approximately  the  same  in 
magnitude  as  in  the  normal  state  (see  Table  1). 

In  addition,  the  first  four  eigenprofiles  from  abnormal  states  2a  and  2b,  are  the  approximately 
the  same  as  in  the  normal  state  and  in  abnormal  states  la  and  lb.  This  result  is  not  surprising  since 
we  are  not  changing  the  shape  of  the  pattern,  but  only  the  magnitude.  The  change  in  magnitude 
is  be  properly  detected  with  the  corresponding  coefficient  vectors.  In  this  case,  the  coefficient 
vectors  corresponding  to  the  high-frequency  component  remain  unchanged,  while  the  coefficient 
vectors  corresponding  to  the  low-frequency  component  show  a  steady  increase  in  magnitude.  Once 
again,  the  coefficient  vectors  can  be  monitored  to  detect  the  change  in  magnitude  of  any  frequency 
component  in  the  measured  signal.  In  addition  to  these  results,  further  simulation  shows  that, 
when  both  the  high-frequency  and  the  low-frequency  components  of  the  multi-component  signal 
are  increased  in  magnitude,  the  changes  in  magnitude  are  again  successfully  detected  by  monitoring 
the  coefficient  vectors  (abnormal  state  3,  Table  1). 

Abnormal  State  4 

Finally,  we  investigate  whether  the  KL  transform  detects  the  occurrence  of  an  unexpected 
fault.  The  fault,  in  this  case,  is  introduced  in  the  form  of  an  additional  frequency  component. 
This  simulates  the  case  where  the  bearing  of  the  roller  in  the  SLS  machine  undergoes  wear,  hence 
introducing  a  harmonic,  in  addition  to  the  fundamental  frequency  component.  The  first  two  sinu¬ 
soidal  components  are  the  same  as  the  normal  state  of  operation;  a  third  frequency  component  is 
added  (abnormal  state  4).  In  this  case,  the  addition  of  a  third  frequency  component  introduces  an 
additional  set  of  eigenvalues  (see  Table  1).  Therefore,  the  occurrence  of  an  additional  frequency 
component  can  be  detected  by  monitoring  the  number  of  significant  eigenvalues.  The  accuracy  of 
this  case  needs  to  be  investigated  further. 

Nonstationary  Changes 

The  second  set  of  simulations  tests  the  effect  of  introducing  sudden  and/or  gradual  nonstation¬ 
ary  changes  to  the  monitored  signal.  These  cases  simulate  the  occurrence  of  faults  after  a  certain 
point  in  time,  introducing  a  nonstationary  pattern  over  the  monitored  signal.  Four  cases  are  sim¬ 
ulated,  presented  next.  The  eigenvalues  for  each  of  these  cases,  compared  to  the  normal  state  of 
operation,  are  presented  in  Table  2. 

Case  1 

In  the  first  case,  signals  from  the  normal  state  of  operation  are  assumed  to  have  a  change  in  the 
mean  offset  after  a  certain  period  of  time,  hence  introducing  a  nonstationary  change  in  the  signal 
that  must  be  detected  during  monitoring;  the  first  ten  snapshots  indicate  normal  status,  while 
the  next  ten  snapshots  indicate  an  offset.  This  situation,  for  example,  simulates  a  sudden  change 
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Index 

Normal 

Case  1 

Case  2 

Case  3 

Case  4 

1 

255.45 

1602.78 

3243.81 

2253.35 

346191.37 

2 

240.15 

254.08 

3191.27 

2239.68 

254.37 

3 

74.01 

239.45 

71.59 

1397.22 

240.01 

4 

55.62 

69.86 

56.26 

69.79 

69.38 

5 

2.68 

55.23 

1.52 

56.32 

56.66 

6 

2.58 

1.66 

1.49 

1.20 

2.36 

7 

2.25 

1.41 

1.36 

1.08 

2.21 

8 

2.14 

1.32 

1.33 

1.05 

2.11 

9 

2.00 

1.24 

1.26 

1.01 

1.92 

10 

0.00 

1.22 

1.22 

0.92 

0.03 

Table  2:  Results:  Eigenvalues  for  Normal  State  vs.  Cases  1  through  4 


in  the  vertical  position  of  the  SLS  part  while  it  is  being  formed,  caused  by  the  residue  deposited 
on  the  roller  mechanism.  As  shown  in  Table  2,  this  fault  manifests  itself  as  an  added  principal 
eigenprofile,  with  a  relatively  large  eigenvalue;  the  remaining  eigenvalues  are  approximately  the 
same  as  the  normal  state  of  operation.  The  simulation  results  show  that  the  first  eigenprofile 
resembles  a  straight  line  when  plotted  with  the  remaining  sinusoidal  eigenprofiles.  In  addition,  the 
coefficient  vector  corresponding  to  the  first  eigenvalue  shows  the  change  in  the  mean  offset  very 
clearly,  after  the  tenth  snapshot,  as  shown  in  Figure  4.  As  a  result,  this  additional  pattern,  defined 
by  a  straight  line,  can  be  detected  by  monitoring  the  occurrence  of  a  fifth  eigenprofile,  while  its 
significance  can  be  evaluated  by  monitoring  the  shape  of  the  coefficient  vector.  Note  that  no  change 
is  observed  in  the  remaining  eigenprofiles  or  coefficient  vectors,  when  compared  with  the  normal 
state  of  operation. 


Bgenproflles  1,2,3  (Case  1)  ve.  BgenpPOfUee  1. 2  (Norme!  case)  Coelliciem  vector  1,  Case  1 
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Figure  4:  Principal  Eigenprofiles  and  Coefficient  Vector  for  Case  1. 


Case  2 

In  this  case,  a  situation  similar  to  abnormal  states  #2  and  #5  occurs,  where  the  low-frequency 
component  changes  in  magnitude,  while  the  high-frequency  component  remains  the  same.  We 
collect  a  total  of  twenty  snapshots;  a  change  occurs  during  the  course  of  monitoring  the  signal, 
hence  introducing  a  nonstationary  change  in  the  signal,  after  the  tenth  snapshot.  The  results  show 
that,  while  the  eigenprofiles  remain  the  same  as  in  the  normal  state  of  operation,  the  coefficient 
vectors  corresponding  to  the  low-frequency  eigenprofiles  increase  in  magnitude  after  the  tenth 
snapshot,  where  the  nonstationary  change  occurs  (Figure  5).  As  expected,  no  change  is  observed 
in  the  high-frequency  coefficient  vectors  (Figure  5).  Also  notice  the  increase  in  the  eigenvalues  for 
the  first  two  eigenprofiles,  while  the  eigenvalues  for  the  next  two  eigenprofiles  are  approximately 
the  same  as  the  normal  state  of  operation,  as  shown  in  Table  2. 
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Figure  5:  Principal  Eigenprofiles  from  Normal  State  vs.  Case  2. 

Case  3 

When  both  Case  1  and  Case  2  take  place,  i.e.,  first  the  magnitude  of  the  low-frequency  sinusoidal 
component  increases  (after  the  tenth  snapshot),  then,  a  change  in  the  mean  offset  is  observed  (after 
the  twentieth  snapshot),  result  show  similar  trends;  in  this  case,  we  collect  a  total  of  thirty  snapshots 
to  observe  both  types  of  changes  occurring  at  different  points  in  time.  A  fifth  eigenvalue/eigenprofile 
is  observed,  reflecting  the  change  in  the  offset  value,  plus  an  increase  in  the  first  two  eigenvalues, 
corresponding  to  the  low-frequency  eigenprofiles;  the  last  two  eigenvalues  remain  approximately 
the  same  as  in  the  normal  state  of  operation  (Table  2,  Case  3).  In  addition,  as  expected,  the 
coefficient  vectors  corresponding  to  the  low-frequency  eigenprofiles  show  a  change  in  magnitude 
after  the  tenth  snaphot,  and  return  to  their  original  normal  state  after  the  twentieth  snapshot.  The 
coefficient  vector  corresponding  to  the  third  eigenprofile  indicates  the  change  in  the  offset  value 
after  the  twentieth  snaphot,  while  the  coefficient  vectors  corresponding  to  the  last  two  eigenprofiles 
show  no  change. 

Case  4 

In  the  final  case,  the  normal  state  of  operation  is  interrupted  by  the  addition  of  a  linear  trend 
with  a  positive  slope.  This  simulates,  for  example,  a  change  in  the  table  or  powder  bed  slope  while 
the  SLS  part  is  being  manufactured.  The  results  show  the  addition  of  a  fifth  eigenvalue  (Table  2, 
Case  4)  of  large  magnitude,  while  the  remaining  four  eigenvalues  are  approximately  the  same  as 
the  normal  state  of  operation.  The  first  three  eigenprofiles  and  the  coefficient  vector  corresponding 
to  the  first  eigenprofile  are  shown  in  Figure  6.  As  expected,  the  first  eigenprofile  represents  a 
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Figure  6:  Principal  Eigenprofiles  and  Coefficient  Vectors  for  Case  4. 

straight  line  as  the  basis  vector,  while  the  corresponding  coefficient  vector  indicates  the  change  in 
the  magnitude  of  that  principal  eigenprofile,  reflecting  the  slope  in  the  linear  trend. 
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Conclusions  from  the  Simulation  Results 


The  simulation  results  show  that  the  KL  transform  presents  a  good  potential  for  detecting, 
extracting,  and  monitoring  fault  patterns  on  surface  profiles.  First,  the  KL  transform  successfully 
decomposes  the  signal  into  its  basis  patterns  (eigenprofiles).  Changes  in  the  magnitudes  of  these 
basis  patterns  are  successfully  reflected  in  the  corresponding  coefficient  vectors.  The  introduction 
of  additional  patterns  are  also  detected  as  additional  basis  patterns.  For  example,  in  case  1,  the 
KL  transform  successfully  decomposes  the  signal  into  its  individual  patterns,  i.e.,  2  sinusoids  and  a 
straight  line.  Monitoring  is  done  by  detecting  a  fifth  eigenprofile  and  studying  the  change  in  the  cor¬ 
responding  coefficient  vector.  In  addition,  the  nonstationary  change  in  the  offset  level  is  reflected  in 
the  relevant  coefficient  vector,  hence  allowing  the  effective  monitoring  of  this  nonstationary  change 
in  the  normal  state  of  operation.  In  case  2,  the  sudden  change  in  the  magnitude  of  the  sinusoidal 
patterns  is  successfully  reflected  in  the  relevant  coefficient  vectors,  while  no  additional  patterns 
are  extracted.  In  case  4,  the  KL  transform  extracts  the  additional  basis  pattern,  represented  as  a 
straight  line,  and  detects  the  introduction  of  a  linear  trend,  which  is  reflected  in  the  corresponding 
coefficient  vectors  as  a  linear  increase  in  magnitude  over  the  set  of  snapshots.  Further  simulations 
are  necessary  to  assure  that  nonstationary  patterns  over  snapshots  (as  opposed  to  patterns  over 
the  entire  signal)  are  also  detectable  with  this  method.  An  example  is  a  set  of  linear  trends  with 
differing  slopes  over  each  snapshot. 


Conclusions  and  Future  Work 

This  paper  presents  a  study  of  the  suitability  of  an  orthogonal  transform,  namely  the  Karhunen- 
Loeve  transform,  in  decomposing  signals  measured  from  SLS  part  surfaces.  We  show  that  the 
KL  transform  can  be  used  to  detect  stationary  as  well  as  nonstationary  patterns,  providing  an 
accurate  decomposition  of  multi-component  signals.  In  addition,  we  show  that  the  eigenprofiles 
and  coefficient  vectors  derived  using  the  KL  transform  can  be  used  to  effectively  monitor  and 
detect  the  occurrence  of  faults  on  measured  SLS  surface  signals. 

Stationary  changes,  including  changes  in  the  magnitudes  of  one  or  more  sinusoidal  components, 
are  reflected  as  changes  in  the  corresponding  coefficient  vectors.  The  introduction  of  an  additional 
frequency  component  is  reflected  by  an  increase  in  the  number  of  principal  eigenvalues  and  eigen¬ 
profiles.  Nonstationary  changes  in  the  normal  state  of  operation,  including  a  change  in  the  mean 
offset  level,  and  a  change  in  the  slope  of  the  part  surface,  are  reflected  by  the  introduction  of  ad¬ 
ditional  eigenprofiles  and  corresponding  changes  in  the  coefficient  vectors.  A  sudden  change  in  the 
magnitude  of  a  sinusoidal  pattern  is  reflected  by  an  accurate  change  in  the  corresponding  coeffi¬ 
cient  vector.  As  a  result,  the  KL  transform  is  shown  to  be  a  proper  tool  in  extracting  the  relevant 
features  and  monitoring  stationary  and  nonstationary  changes  in  the  normal  state  of  operation,  for 
those  cases  simulated  in  this  paper.  Further  mathematical  proof  of  these  results  will  follow. 

In  addition  to  the  work  presented  in  this  paper,  the  authors  are  currently  simulating  other 
fault  components,  such  as  transients,  and  other  nonstationary  fault  components,  such  as  a  saw¬ 
tooth  shaped  pattern.  Other  transforms  such  as  the  wavelet  transforms  and  higher-order  spectral 
transforms  are  also  being  investigated  as  potential  candidates  to  provide  an  effective  and  accurate 
decomposition  of  multi-component  signals.  The  results  of  this  work  will  be  used  to  develop  an 
accurate  fault  detection  and  diagnosis  method  to  assure  the  quality  of  surfaces  from  manufacturing 
machines. 
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Abstract 


When  parts  are  built  in  layers,  the  cross  sectional  area  of  each  layer  has  to  be  de¬ 
fined  and  filled  with  a  pattern  of  vectors.  This  filling  process  is  called  hatching  and  the 
vectors  define  the  hatch  pattern.  To  accurately  reproduce  a  three  dimensional  object, 
key  features  need  to  be  identified.  In  particular,  top  and  bottom  surfaces,  edges,  holes 
and  protrusions  must  be  recognized  to  ensure  the  slice  plane  does  carry -the  critical  in¬ 
formation  required  for  the  build.  This  paper  describes  a  technique  to  extract  relevant 
features  from  a  tessellated  model  to  generate  a  correct  sliced  representation. 

Introduction 


Layered  based  manufacturing  is  based  on  a  mathematical  slicing  operation  that 
generates  slices  from  an  original  boundaiy  representation  model  (tessellated  or  triangu¬ 
lated  model).  Different  processes  use  different  devices  to  draw  the  hatch  vectors  which 
represent  the  areas  to  be  filled  or  solidified  in  a  slice.  For  instance.  Stereolithography  and 
Selective  Laser  Sintering  use  a  laser  to  draw  the  vectors,  while  other  processes  may  use 
a  pattern  mask  or  a  binding  agent. 

Many  slicing  engines  exist,  in  particular,  the  slicing  program  of  3D  systems  has  a 
proven  algorithm,  Grogan  [1990]  described  an  algorithm  based  on  sorting,  Chalasani 
[1992]  proposed  two  algorithms  for  slicing  3D  objects  that  also  rely  on  a  sorting  process 
to  identify  areas,  Vouzelaud  and  Bagchi  [1992]  proposed  an  adaptive  technique,  Kirsch- 
man  and  Jara-Almonte  [1992]  investigated  parallel  slicing,  and  Dolenc  and  Makela 
(1993)  suggested  slicing  procedures  which  considered  the  identification  of  some  features, 
notably  peaks  and  flat  areas. 

This  paper  considers  the  issue  of  features  and  their  extraction  from  the  tessellated 
data.  It  highlights  the  capabilities  of  such  an  algorithm  to  identify  manufacturing  fea¬ 
tures  and  lists  the  pitfalls  and  their  possible  remedys. 

The  STL  File 

The  de  facto  industry  STL  model  representation  defines  CAD  solid  models  as  a  set 
of  triangular  facets  (3D  Systems,  1989).  Facet  models  represent  solid  objects  by  spatial 
boundaries  which  are  defined  by  a  set  of  planar  faces.  This  is  a  special  case  of  the  more 
general  boundary  representation  which  does  not  require  object  boundaries  to  be  planar 
(Mortenson,  1985).  In  general,  the  term  facet  is  used  to  denote  any  constrained  polygonal 
planar  region  used  to  define  a  model  boundaiy;  however,  in  the  SFF  community,  the  term 
facet  is  typically  understood  to  mean  triangular  facet  (Rock,  1991).  Unfortunately,  these 
facets  are  stored  independently,  as  if  each  facet  was  created  and  tossed  into  a  bucket  with 
no  particular  ordering  and  without  information  relating  a  given  facet  to  any  other  facet 
in  the  bucket  (Rock,  1991). 

Hole  or  Projection 

One  of  the  time  consuming  tasks  of  any  hatching  routine  is  identifying  holes  and 
projections.  Holes  should  not  be  hatched,  while  projections  should.  At  the  time  of  hatch- 
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ing,  the  information  about  the  solid  is  no  more  available  in  a  single  piece.  Most  of  it  is 
divided  and  stored  in  a  number  of  2-D  slices  and  some  of  it  is  lost.  This  implies  that  iden¬ 
tifying  a  single  hole  or  a  projection  might  require  studying  several  slices  together.  This 
is  computationally  expensive.  Thus  there  is  a  need  for  an  efficient  hatching  algorithm 
which  identifies,  in  the  quickest  possible  way,  areas  that  need  to  be  filled  and  areas  that 
need  not  be  filled. 

Strategy  for  Hatching 

In  order  to  identify  the  areas  that  need  to  be  hatched,  we  examined  various  contours 
and  derived  the  following  rule  :  If  a  contour  is  surrounded  by  n  contours  and  n  is  an  even 
number,  the  contour  represents  a  protrusion  and  should  be  filled.  On  the  other  hand, 
if  n  is  odd.  it  the  contour  represents  a  hole  and  should  not  be  filled. 

This  rule,  which  is  central  to  the  hatching  algorithm  developed  as  part  of  this  research, 
can  also  be  explained  in  another  way.  Considering  3-D  solid  objects, 

1.  a  solid  is  always  bounded, 

2.  there  cannot  be  a  solid  without  thickness, 

3.  and  there  cannot  be  a  hole  without  a  solid. 

These  three  simple  and  definitive  statements  ensure  that  when  a  solid  is  sliced  the 
resulting  contours  are  invariably  closed  and  non-intersecting.  Also,  there  will  never  be 
two  holes  adjacent  to  each  other  or  one  contained  in  the  other  without  being  separated 
by  a  definite  distance.  Furthermore,  any  unbounded  contour  (contours  not  surrounded 
by  any  other  contour)  can  never  be  a  hole. 

Key  Characteristics  Identifier 

A  simple  knowledge  base,  supported  by  a  few  rules,  is  created  with  an  aim  to  recog¬ 
nize  the  following  from  a  tesselated  model: 

1.  base  faces  of  features, 

2.  type  of  features  (protrusion  or  depression),  and 

3.  geometric  shape  and  orientation  of  features. 

The  rules  are  mostly  based  on  simple  geometric  and  engineering  principles,  and 
derived  by  observation  and  logical  reasoning.  Some  of  the  ideas  discussed  can  be  utilized 
for  any  solid  model  regardless  of  the  representation  scheme. 

The  Three  Types  of  Base  Faces 

The  top  and  bottom  faces  of  any  feature,  including  the  object,  may  be  termed  as  base 
faces.  Recognition  of  base  faces  is  essential  to  improve  the  tolerances  of  layered  models. 
Since  a  polvgon  is  comprised  of  only  two  basic  entities,  point  and  line,  only  their  combina¬ 
tions  will  result  in  any  topologically  significant  characteristic.  Consequently,  any  solid 
represented  by  planar  polygons  can  have  only  three  types  of  base  faces: 

1.  Horizontal  surface:  A  horizontal  surface  is  represented  by  a  single  or  multiple 
polygons  parallel  to  the  slice  plane.  Figure  1  shows  horizontal  faces  composed 
of  triangular  facets. 

2.  Pointed  edge:  When  at  least  two  non-co  planar  polygons  share  an  edge,  the 
edge  may  be  termed  as  a  pointed  edge.  This  is  illustrated  in  Figure  2,  where 
a  block  with  v-grooves  is  shown. 
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Figure  1.  Multiple  Facets  Forming  Horizontal  and  Vertical  Surfaces 


3.  Pointed  End:  When  at  least  two  non-co  planar  polygons  share  a  vertex,  the 
vertex  may  be  termed  as  a  pointed  end.  Tip  of  a  cone  and  comer  of  a  block, 
shown  in  Figure  3,  are  examples  of  pointed  ends. 


Figure  3.  Examples  of  Pointed  Ends 


For  the  purpose  of  layered  manufacturing,  the  effort  must  be  to  identify  the  exis¬ 
tence  and  then  to  determine  the  height  (along  the  slice  axis  and  from  a  reference  point) 
of  each  one  of  the  above  so  that  the  slice  plane  can  be  forced  to  assume  that  height.  Identi¬ 
fication  of  these  three  types  from  an  STL  model  format  is  basically  a  searching  operation. 


Identifying  Horizontal  Surfaces 


Horizontal  surfaces  can  be  identified  by  checking  unit  normals  or  ordinate  values 
of  facets.  If  the  unit  normal  of  a  facet  describes  90°  (or  270°)  with  the  slice  plane,  there 
lies  a  horizontal  surface  with  that  facet  contained  in  that  surface.  Alternatively,  if  the 
z  coordinate  values  of  all  the  three  vertices  of  a  facet  are  equal,  then  that  facet  is  part  of 
a  horizontal  surface. 

Vertical  walls  can  be  identified  essentially  using  the  same  approach  used  to  identify 
horizontal  surfaces.  If  the  unit  normal  of  a  facet  makes  0°  (or  ISO0)  with  the  slice  plane, 
there  exists  a  vertical  wall  with  that  facet  contained  in  that  wall. 

Identifying  Pointed  Edges 

According  to  the  definition  of  a  pointed  edge,  any  edge  shared  by  two  non-co  planar 
facets  is  a  pointed  edge.  With  this  definition,  there  are  twelve  pointed  edges,  four  vertical 
and  eight  horizontal,  in  a  cube  shown  in  Figure  4.  It  does  not  serve  any  purpose  in  the 
context  of  layered  manufacturing  to  identify  these  edges  separately,  since  the  vertical  and 
horizontal  surfaces  of  which  these  edges  are  part  of,  can  be  easily  identified  using  meth¬ 
ods  suggested  earlier.  Likewise,  it  is  worthless  to  identify  the  edges  of  a  tetrahedron 
shown  in  Figure  4  because  none  of  the  edges  of  the  inclined  surfaces  are  parallel  to  the 
slice  plane.  As  we  discussed  previously,  our  primary  goal  is  to  identify  key  characteristics 
which  are  parallel  to  the  slice  plane  so  that  we  can  retain  them  in  the  sliced  model . 


Figure  4.  Unwanted  Pointed  Edges 

It  is,  therefore,  necessary  to  narrow  the  definition  of  a  pointed  edge,  in  the  context 
of  layered  manufacturing.  First,  none  of  the  polygons  sharing  an  edge  should  be  horizon¬ 
tal  or  vertical.  This  is  due  to  that  horizontal  and  vertical  faces  are  already  identified  and 
with  that  all  their  edges.  Further,  the  common  edge  must  be  parallel  to  the  slice  plane. 
(Only  then  a  separate  effort  is  required  for  its  retention  in  the  sliced  model.) 

A  pointed  edge  can  now  be  defined  as:  Any  non-horizontal  and  non-vertical  facet 
with  two  vertices  having  the  same  z  coordinate  value  will  form  a  pointed  edge  provided 
the  second  facet  that  shares  these  vertices  (there  will  be  only  one  such  facet)  is  not  in  the 
same  plane  as  the  first  facet  and  is  non-horizontal  and  non-vertical.  Also,  the  angle  be¬ 
tween  those  two  facets  need  to  be  defined  by  the  user.  This  is  to  avoid  mistakenly  identify¬ 
ing  the  edges  of  facets  approximating  curved  surfaces  as  pointed  edges.  If  we  consider 
the  faceted  model  of  a  sphere,  according  to  the  above  definition,  potentially  every  edge 
becomes  a  pointed  edge.  This  can  be  avoided  by  defining  the  angle  between  the  two  facets 
sharing  an  edge  to  be  less  than  a  certain  value,  say,  120°,  before  the  edge  can  be  consid¬ 
ered  as  a  pointed  edge. 

This  new  and  narrow  definition  of  a  pointed  edge  helps  reduce  the  time  required  to 
search  for  such  edges  in  a  faceted  model.  However,  identifying  two  vertices  of  a  facet  with 
the  same  z  coordinate  value,  the  very  first  step  in  identifying  a  pointed  edge,  demands 
virtually  eveiy  vertex  of  all  non-horizontal  and  non-vertical  facets  in  the  model  to  be 
searched.  This  again  leads  to  high  execution  times. 
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Identifying  Pointed  Ends 


Finally,  pointed  ends  can  be  identified  from  an  STL  file  by  looking  for  a  single  vertex 
shared  by  several  non-co  planar  facets.  For  example,  the  apex  of  a  cone  is  shared  by  a 
number  of  non-co  planar  facets  which  form  the  conical  surface.  This  calls  for  checking 
every  vertex  in  the  model  for  the  number  of  facets  that  share  the  vertex  and  their  unit 
normals. 

Base  Faces  -  Change  in  the  Number  of  Contours 

Clearly,  identifying  pointed  ends  and  edges  is  a  time  intensive  search  operation. 
Isolation  of  a  vertex  that  forms  a  pointed  end  or  a  facet  side  that  forms  a  pointed  edge 
demands  a  large  scale  search  often  covering  every  facet  of  the  model.  This  problem  can 
be  largely  overcome  by  adopting  a  new  strategy.  "This  strategy  is  based  on  the  fact  that 
whenever  there  is  a  change  in  the  number  of  contours  in  successive  slices,  there  lies  a 
base  face  of  a  feature.  The  exact  location  of  the  base  face  can  be  anywhere  between  the 
two  slice  planes  or  contained  in  the  slice  plane  which  has  the  greater  number  of  contours. 
Once  a  change  in  the  number  of  contours  is  observed,  the  exact  location  of  the  base  face 
can  be  found  by  considering  facet  groups  in  that  region  and  applying  the  methods  sug¬ 
gested  above.  However,  this  strategy  requires  slicing  the  model  and  counting  the  number 
of  closed  contours  in  each  slice. 

Slice  Based  Feature  Recognition  —  Protrusions  or  Depressions 

Protrusions  are  any  projections  on  the  object,  such  as  pads,  bosses,  and  mounds, 
while  depressions  are  holes  of  any  shape.  The  easiest  way  of  finding  the  type  of  a  feature 
is  by  studying  the  slices  and  the  contours  within  each  slice.  The  following  rules  will  pro¬ 
vide  methods  to  distinguish  between  protrusions  and  depressions.  These  rules  are  sim¬ 
ple,  definite,  unambiguous,  and  true  for  any  solid. 

Rule  1:  When  a  solid  is  sliced  by  an  imaginaiy  plane,  the  resulting  slice  may  contain 
a  single  or  multiple,  non-intersecting,  closed  contours.  This  is  true  regardless  of  the 
angle  and  the  position  of  the  slice. 

Before  going  further,  it  is  necessary  to  define  certain  key  words  used  in  the  preced¬ 
ing  part  of  this  section. 

1 .  Empty  contour:  An  empty  contour  is  one  which  does  not  contain  any  other  con¬ 
tour  within  its  bounds.  In  other  words,  an  empty  contour  does  not  surround 
any  other  contour.  See  Figure  5. 

2.  Unbounded  contour:  An  unbounded  contour  is  one  which  is  not  surrounded 
or  bounded  by  any  other  contour. 

Rule  2:  If  a  single  or  multiple  empty  contours  are  surrounded  by  a  single  larger  con¬ 
tour,  all  inner  contours  represent  depression  features. 

This  can  be  seen  in  Figure  6,  where  a  rectangular  block  with  several  holes  is  shown.  The 
slice  at  AA  has  several  empty  contours  surrounded  by  a  single  large  contour.  Obviously, 
all  inner  contours  represent  holes  and  hence  the  rule  2  is  satisfied. 

Rule  3:  If  two  or  more  contours  are  nested  within  each  other,  all  even-numbered 
contours  represent  depressions  while  all  odd-numbered  contours  represent  protrusions, 
the  outermost  contour  being  number  1 .  Figure  7,  where  a  cylindrical  block  with  multiple 
holes  one  inside  the  other  is  shown,  illustrates  rule  3. 

Rule  4:  Any  unbounded  contour  represents  a  protrusion  feature. 

Figure  8,  where  a  number  of  protrusions  are  shown  on  the  top  of  a  rectangular  block. 
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Unbounded  contour 


Empty  contour 


Figure  5.  Empty  and  Unbounded  Contours 
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Front  view  of  a  block  with  four  holes 

Slice  at  AA  (view  along  Z) 

Figure  6.  Multiple  Empty  Contours  within  a  Larger  Contour 

clearly  illustrates  this  point.  The  slice  at  AA  contains  several  unbounded  contours  and 
all  are,  obviously,  protrusions.  This  satisfies  rule  4. 

Shape  and  Orientation  of  Features 

Once,  location  and  type  of  a  feature  are  determined,  further  details  can  be  obtained 
by  studying  the  unit  normals  of  the  facets  the  feature  is  comprised  of.  The  following  as¬ 
sumes  that  holes  and  projections,  and  base  faces  are  already  identified  using  the  meth¬ 
ods  suggested  above. 

A  feature  is  rectangularly  shaped,  if  it  is  bounded  by  four  faces,  and  each  face  is 
perpendicular  to  its  adjacent  face.  Again,  all  four  must  be  perpendicular  to  a  common 
plane.  If  a  fifth  face  that  connects  all  four  faces  exists,  the  feature  is  closed  at  one  end. 
It  is  closed  at  both  ends  if  a  sixth  face  also  exists  connecting  the  first  four  faces.  Further¬ 
more,  the  feature  can  be  a  rectangular  pad  or  a  rectangular  hole  depending  upon  its  na¬ 
ture  (protrusion  or  depression).  Triangular  pads  or  holes  are  bounded  by  three  faces, 
where  the  sum  of  the  included  angles  between  the  faces  is  exactly  180°  and  all  three  are 
perpendicular  to  a  common  planeT  The  type  of  triangle  can  also  be  easily  established  by 
studying  the  included  angle  between  faces*  This  logic  can  be  extended  to  identify  pentag- 


Front  view  of  a  cylinder  with  two  holes 
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Figure  7.  Multiple  Contours  Surrounding  Each  Other 
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Slice  at  AA  (view  along  Z) 


Front  view  of  a  block  with  three  protrusions 


Figure  8.  Unbounded  Contours 


onal,  hexagonal  or  any  polygonal  feature.  Orientation  of  the  feature  can  be  established 
by  determining  the  angle  between  the  slice  plane  and  one  of  the  bounding  faces.  Different 
types  of  features  that  can  be  easily  identified  are  shown  in  Figure  9. 
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Figure  9.  Typical  Features  Which  Can  Be  Identified  from  Tesselated  Models 

One  limitation  with  slice  based  feature  recognition  is  that  features  parallel  or  at  cer¬ 
tain  angles  to  the  slice  plane  will  be  difficult  to  identify.  In  order  for  a  comprehensive 
feature  recognition,  slicing  may  have  to  be  done  at  different  angles  and  the  resulting 
slices  studied  independently  and  together.  For  example,  in  Figure  10,  holes  A  and  B, 
which  are  parallel  to  the  slice  plane,  cannot  be  identified.  Hole  C,  which  is  perpendicular 
to  the  slice  plane,  can  be  easily  identified  as  a  depression  feature.  In  order  to  identify 
A  and  B,  slicing  has  to  be  done  along  x  or  y.  Feature  recognition  is  avast  area  and  the  work 
done  here  is  only  a  small  effort  toward  that  goal. 


Figure  10.  Block  with  Three  Holes  Along  the  Three  Axes 


Conclusions 


This  work  describes  a  possible  methodology  for  the  identification  of  features  from 
layered  or  tessellated  data.  A  simple  rule  base  is  used  to  identify  such  features.  The 
method  does  have  significant  limitations  since  features  are  only  recognized  when  along 
the  build  axis.  However,  if  one  considers  what  features  are  used  for,  especially  to  identify 
hatching  areas,  then  this  feature  recognition  is  sufficient.  If  the  features  are  needed  for 
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design  purposes,  then  the  approach  has  to  be  performed  three  times,  one  for  each  coordi¬ 
nate  axis  as  the  build  direction. 
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ABSTRACT 

Current  layer-based  SFF  technologies  process  faceted  geometric  input  data  to  produce 
polygonal  contours  of  the  part’s  boundary  in  each  layer.  However,  for  improved  part  quality, 
other  more  accurate  representations  of  part  contours  are  desirable.  Likewise,  implementation  of 
Wu’s  minimum  time  optimal  laser  tracking  control  method  for  selective  laser  sintering  (SLS) 
requires  contour  curves  that  exhibit  higher  order  continuity.  In  this  paper,  we  first  analyze  the 
requirements  of  optimal  laser  tracking  to  develop  evaluation  criteria  for  choosing  a  contour 
representation.  Several  possible  representation  methods  are  reviewed.  We  show  that  the  Non- 
Uniform  Rational  B-Spline  (NURBS)  curve  meets  the  criteria.  A  demonstration  program 
illustrates  the  advantages  of  NURBS  curves  for  representing  contours  with  uniform  point 
distributions.  The  results  can  be  used  in  other  control  areas  where  uniform  point  distribution  or 
constant  velocity  is  required. 

Keywords:  computational  geometry,  NURBS,  Bezier  curve,  tracking  control,  laser  beam  control. 

1  INTRODUCTION 

In  layer-based  solid  freeform  fabrication  (SFF)  processes,  a  three  dimensional  geometric 
description  of  a  solid  object  is  sliced  into  a  stack  of  two  dimensional  cross  sections  whose  normal*; 
are  parallel  to  the  build  axis.  Current  layer  data  formats,  such  as  CLI  from  Europe  and  SLC  from 
3D  Systems,  represent  the  part’s  boundary  in  each  layer  as  a  set  of  polygonal  contours.  SFF 
technologies  then  process  the  layer  data  differently,  depending  on  the  underlying  physical  process 
and  the  sophistication  of  the  control  software.  For  instance,  in  selective  laser  sintering  (SLS),  the 
laser  is  raster  scanned  to  fill  these  cross  sections  and  to  build  the  parts  layer  by  layer.  The  laser 
beam  is  directed  by  a  pair  of  scanner  galvanometers.  With  this  type  of  process,  there  is  a  trade-off 
between  productivity,  in  terms  of  build  time,  and  part  quality,  in  terms  of  surface  accuracy,  for  a 
given  laser  power.  To  increase  accuracy,  a  smaller  laser  spot  is  preferred,  while  productivity 
demands  a  larger  laser  spot  to  scan  more  area  per  unit  time.  To  resolve  this  dilemma,  a  strategy 
based  on  boundary  scanning  of  the  layer  contours,  followed  by  a  raster  fill  of  the  contour  interiors, 
is  proposed.  Wu  and  Beaman  (Wu  and  Beaman,  1990;  Wu  and  Beaman,  1991;  Wu  1992;  Wu  and 
Beaman,  1992)  developed  an  optimal  tracking  control  method  for  boundary  scanning  in  SLS.  The 
purpose  of  this  paper  is  to  evaluate  different  parametric  representations  for  layer  contours  based  on 
their  applicability  to  Wu  and  Beaman’s  control  method,  and  for  SFF  technologies  in  general. 

1 . 1  Problem  Description 

Wu’s  tracking  control  algorithm  is  based  on  the  assumption  that  the  tracking  path  ( i.e 
contour)  is  represented  parametrically.  Wu  did  not  explicitly  specify  the  requirements  of  the 
parametric  form,  but  these  can  be  obtained  from  the  derivation  of  his  control  algorithm.  In  general, 
the  parametric  form  must  satisfy  the  following  three  requirements:  (1)  n-1  differentiability,  except  ’ 
at  comers;  (2)  parametrization  by  arc  length,  so  that  the  first  and  second  derivatives  represent 
tangential  velocity  and  acceleration;  and  (3)  uniform  distribution  of  points.  Wu  derived  the 
dynamics  of  scanner  galvanometer  as  a  second  order  system.  Therefore,  the  tracking  path  must 
exhibit  C1  continuity.  Note  that  comers  have  specific  meanings.  Wu  defined  a  comer  as  “a  point 
in  the  prescribed  path  where  tracking  velocity  must  be  zero  due  to  the  available  bounded  control 
torque”.  To  handle  comers  accurately,  the  tracking  path  is  divided  into  several  segments  such  that 
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comers  only  exist  at  the  start  and  end  points  of  the  segments.  The  third  requirement  allows  “near 
constant  tracking  speed  to  gain  uniform  exposure  of  laser  power”. 

Three  dimensional  solid  objects  are  transmitted  to  SFF  processes  according  to  some  CAD 
geometric  data  format.  The  current  standard  for  exchanging  geometric  data  form  is  the  so-called 
STL  data  file  format,  which  is  supported  by  most  commercial  CAD  system.  The  STL  format 
represents  a  3D  part  as  a  triangulated  approximation  of  the  part’s  surfaces.  Each  facet  is  defined  by 
its  three  vertices  and  its  normal  vector,  which  indicates  the  interior  of  the  part.  After  slicing  the 
STL  data,  layer  contours  are  generated  and  represented  by  polygonal  outlines  of  the  cross-section. 
However,  Wu’s  method  is  based  on  a  parametric  form  meets  the  criteria  described  above.  Thus, 
for  applying  Wu’s  method  to  STL  data,  the  polygonal  contours  must  be  represented  by  higher 
degree  parametric  curves.  On  the  other  hand,  other  geometric  data  formats  are  possible  (Darrah, 
1990).  This  paper  targets  the  generation  of  a  parametric  representation  based  on  point  data. 
However,  we  briefly  discuss  the  applicability  of  parametric  representations  for  contours  generated 
from  other  3D  geometric  data,  such  as  IGES. 

2  PARAMETRIC  CURVE  REPRESENTATIONS 

Both  parametric  and  nonparametric  curve  forms  have  useful  applications.  Parametric  forms 
are  more  dominant  in  current  geometric  modeling  practice  because  they  are  axis-independent,  they 
facilitate  redistribution  of  points  along  the  curve  length,  they  are  convenient  for  generating 
coordinates  of  points  on  the  curve,  and  they  represent  infinite  slopes  easily.  The  well-known  and 
commonly-used  parametric  curves  include  the  spline,  Bezier,  B-spline,  and  Non-Uniform  Rational 
B-Spline  (NURBS). 

The  spline  is  a  set  of  piecewise  polynomials  of  degree  K  with  continuity  of  derivatives  up 
to  K-\  at  the  common  joints  between  segments.  The  cubic  spline  has  been  found  most  useful  for 
engineering  applications,  since  it  is  the  lowest  order  polynomial  that  allows  an  inflection  point. 

The  cubic  spline  exhibits  second-order  or  C2  continuity  at  the  joints.  There  are  three  common 
parametrizations  for  spline  curves  (Lee,  1989;  Rogers  and  Adams,  1990):  equally  spaced, 
cumulative  chord  length  (which  approximates  a  uniform  parametrization),  and  the  centripetal 
method.  However,  the  spline  curve  has  several  disadvantages.  In  particular,  the  spline  curve  can 
be  unstable,  especially  with  higher  degree  curves  (Rogers  and  Adams,  1990);  it  does  not  lend  itself 
well  to  geometric  interpretation,  making  interactive  interfaces  difficult;  and  it  does  not  exactly 
represent  all  standard  curves,  such  as  conic  sections. 

To  overcome  these  shortcomings,  Bezier  curves  are  used  as  the  basis  of  many  modeling 
systems.  Bezier  curves  are  determined  by  a  defining  polygon,  which  is  composed  of  a  set  of 
control  vertices.  Bezier  curves  have  a  many  attractive  advantages,  including  recursive 
computational  algorithms,  the  convex  hull  property,  the  variation-diminishing  property,  positivity 
of  the  basis  functions,  and  simple  degree  elevation  and  reduction  algorithms.  One  disadvantage  of 
Bezier  curves  is  that,  except  for  the  start  and  end  points,  they  do  not  interpolate  the  control  points. 
This  characteristic  makes  the  Bezier  curve  inappropriate  for  direct  use  for  contour  descriptions. 
However,  as  a  special  case  of  the  B-spline  curve  (discussed  below),  a  Bezier  curve  can  be 
designed  to  pass  through  the  given  data  by  adding  control  points  between  the  interpolated  control 
points. 


The  B-spline  curve  has  many  of  the  advantages  of  the  Bezier  curve,  while  it  overcomes 
some  of  the  disadvantages.  In  particular,  the  order  of  the  B-spline  curve  is  not  determined  by  he 
number  of  control  points,  as  is  the  case  for  Bezier  curves.  The  most  general  form,  the  non- 
uniform  rational  B-spline  (NURBS)  curve,  is  defined  as: 


598 


(1) 


X  WiPiNitk(t) 

C(t)  =  M - 

X  wiNi,k(t) 
i=0 

where  P;  are  the  control  points,  w,  are  the  weights  associated  with  the  control  points,  and  Nt  k(t) 
are  the  B-spline  basis  functions  of  order  k.  Note  that  when  all  weights  are  1,  the  NURBS  curve 
degenerates  to  the  B-spline,  and  when  a  special  knot  vector  is  chosen,  its  basis  functions  are 
exactly  the  same  as  those  of  the  Bezier  curve. 

NURBS  curves  have  has  many  desirable  properties  for  both  representation  and 
computation  (Piegl  1991).  Besides  the  properties  mentioned  for  Bezier  curves,  NURBS  curves: 

(1)  provide  a  unified  approach  for  modeling  curves,  including  the  conic  sections;  (2)  provide 
greater  flexibility;  (3)  exhibit  computational  stability  and  fast  evaluation;  (4)  lend  themselves  readily 
to  geometric  interpretations;  (5)  are  affine  invariant;  (6)  is  generally  nonglobal  with  respect  to 
changes  to  control  points;  and  (7)  provide  generalizations  of  B-spline  and  Bezier  curves. 

Powerful  tool  kits  are  available  from  the  literature  to  provide  knot  insertion/refmement/removal, 
degree  elevation,  splitting,  and  other  desirable  operations.  The  only  relative  drawbacks  to  the 
NURBS  representation  are  its  extra  storage  requirements  and  computational  overhead.  However, 
with  current  computer  technology,  these  are  not  the  significant  problems. 

3  EVALUATION  CRITERIA  FOR  PARAMETRIC  REPRESENTATION 
TECHNIQUES 

We  base  our  criteria  for  choosing  an  appropriate  parametric  representation  for  contours  on 
the  three  requirements  for  Wu’s  control  method.  First,  arc  length  parametrization  is  has  been 
studied  by  several  researchers  (e.g.,  Guenter,  1990).  Other  considerations  arise  when  we  consider 
particular  SFF  technologies,  such  as  SLS.  The  accuracy  of  the  parts  is  always  a  main  objective. 

In  SLS,  the  laser  beam  follows  the  tracking  paths  during  boundary  scanning.  The  laser  beam  is 
adjusted  by  scanners  that  are  controlled  by  galvanometers  in  x  and  y  directions.  Thus,  continuity 
of  motion  is  another  important  issue.  The  dynamics  of  these  motion  components  restrains  the 
maximum  acceleration  of  the  scanners.  As  Wu  pointed  out,  a  straight-line  vector  scanning  mode 
can  be  slow  when  curves  exist  in  the  contour  path,  due  to  repetitive  starts  and  stops  required  to 
accurately  approximate  the  curves.  Other  considerations  include  computational  constraints.  Based 
on  these  factors,  we  propose  the  following  criteria  for  choosing  a  parametric  representation  for  part 
contours: 

1 .  Accuracy,  continuity,  and  uniform  point  distribution.  In  tracking  control,  position 
accuracy  and  tracking  speed  smoothness  are  desired.  As  stated  above,  Wu’s  method  requires 
the  parametric  form  to  be  n- 1  continuously  differentiable.  Thus,  the  parametric  representation 
methods  should  have  good  approximation  and  continuity  .  Uniform  point  distribution  requires 
the  parametric  form  to  produce  equally  spaced  points  along  the  contours. 

2.  Interpolation  of  given  point  data.  In  SLS,  the  point  data  given  or  calculated  are 
normally  exactly  on  the  actual  contours.  Therefore,  the  parametric  curves  should  pass  through 
all  data  points. 
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3 .  Robustness.  There  are  many  subtleties  in  parametric  representations,  such  as  non-existent 
loops  that  often  occur  in  spline  representation.  Many  traditional  parametric  curve  techniques 
are  not  developed  for  representing  general  paths.  Also,  there  is  usually  not  a  unique  curve  for 
interpolating  given  input  data.  For  example,  there  are  infinitely  many  NURBS  curves  that 
interpolate  a  given  set  of  data.  Robustness  here  means  that  we  will  always  get  physically 
reasonable  contours  from  sufficient  input  data,  and  no  abnormalities  will  exist  in  the  contours. 
The  input  data  can  be  points  or  other  description  data,  such  as  radii  and  center  data  for  circles. 

4 .  Adaptability.  This  property  indicates  the  ability  to  handle  special  cases  in  contours,  such  as 
comers,  straight  line  segments,  and  other  local  geometric  features. 

5 .  Computational  constraints.  Computational  considerations  include  ease  of  implementation 
of  algorithms,  storage,  and  computation  overhead.  The  floating  value  round-off  problems 
should  be  avoided  if  possible. 

Based  on  these  considerations,  we  propose  the  NURBS  curve  for  representing  contours. 

In  the  remainder  of  the  paper,  we  evaluate  the  performance  of  NURBS  curves  based  on  these 
criteria. 

4  NURBS  PARAMETRIC  REPRESENTATION  TECHNIQUES 

Input  to  a  representation  problem  generally  consists  of  geometric  data,  such  as  points  and 
derivatives.  The  output  is  a  NURBS  curve  represented  by  control  points,  knots,  and  weights. 
Furthermore,  the  degree  p  must  be  specified.  If  Cr  continuity  is  desired  for  a  curve,  then  the 
chosen  degree  p  must  satisfy  p>  r+l  (assuming  no  interior  knots  of  multiplicity  >1). 

4.1  Quadratic  NURBS  Representation 

NURBS  interpolation  of  a  set  of  given  data  is  introduced  by  Piegl  and  Tiller  (1995).  For 
uniform  parametrization,  we  have  improved  his  algorithm  both  in  knot  vector  construction  and 
derivation  of  continuity  at  the  start  and  end  points  of  a  contour.  Additionally,  we  select  rules  that 
are  appropriate  for  physical  mechanical  parts.  We  assume  {Q*},  k  =  0,1,.  ..,n,  to  be  a  set  of 
contour  data  from  slicing  a  part  described  by  the  STL  format  (see  Figure  1).  We  also  assume  no 
tangent  vectors  T^  are  provided.  The  method  constructs  n  rational  curve  segments,  Q(t),  i  = 
0,...,n— 1,  such  that  Q;  and  Q^+i  are  the  endpoints  of  Q  (r).  Neighboring  segments  are  joined 
with  some  prescribed  level  of  continuity,  and  the  construction  proceeds  segment- wise,  generally 
from  left  to  right  in  the  knot  vector.  Any  basis  equations  are  local  to  only  a  few  neighboring 
control  points. 


Q0  Q3 


Figure  1.  Quadratic  B-spline  representation. 
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Now  let  tt  denote  the  start  parameter  of  C; (t)  and  the  end  parameter  of  Q_i(0,  where  C,{f) 
and  Q_i(f)  meet  at  tt  with  G1  continuity1  .  Note  that  NURBS  curves  are  continuously 
differentiable  up  to  n-l  except  at  the  knots.  G1  continuity  is  useful  if  we  regard  these  knots  as 
comers.  C1  continuity  will  be  obtained  later  by  using  cubic  Bezier  based  NURBS  representation. 

Obtaining  the  Bezier  segments,  C,{f),  requires  computation  of  the  inner  Bezier  control 
points  (one  point  for  quadratics).  These  control  points  lie  on  lines  that  are  tangent  to  the  curve  at 
the  Qk  ;  thus,  we  require  tangent  vectors  T*  at  each  Qk .  In  some  cases,  they  can  be  input  along 
with  the  Qk .  For  instance,  they  can  be  obtained  when  computing  intersection  points  between  two 
surfaces.  However,  we  can  compute  them  approximately  from  the  given  data  (Boehm  et  al., 
1984).  The  following  steps  are  used  to  construct  the  NURBS  representation  from  these  data: 

Step  1.  Derive  tangents  at  given  data  points.  We  choose  the  five  point  scheme  to  calculate 
the  tangent  vectors: 


where 

v*  =  (1-a*)q*+a*q*+ 1  . 


(2) 


(3) 


q*=Q*-Q*_i,and 


(4) 


ak  = 


k-i  xq*l 


q*-ixq*l+k+ixq*+2 


r,(£  =  2,...n-2 ). 


(5) 


The  five-point  method  has  the  advantage  that  three  collinear  points,  Q*_i,  Q*,  Q/t+i,  yield  a 
tangent  T*  that  is  parallel  to  the  line  segment.  The  denominator  of  the  five-point  form  vanishes  if 
Qk-2,  Qfc-b  and  Qk  are  collinear  and  Qk,  Qk+u  and  Q^+2  are  collinear.  This  implies  either  a 

comer  at  Qk,  or  a  straight  line  segment  from  Q*_2  to  Qk+2-  In  these  cases  ak  can  be  defined  in  a 

number  of  ways;  we  choose  ak=  1,  which  implies  \k  =  q*+1,  producing  a  comer  at  Qk.  Whether 
or  not  to  preserve  corners  depends  on  the  application.  The  ends  of  the  contour  need  special 
treatment: 


qo  =  2qi-q2> 
q_!  =2q0-q1, 
q«+l  =2qn-qfI_i,and 


q«+2  -qo* 

Note  that  the  last  form  is  used  to  force  a  closed  contour  by  setting  the  end  point  equal  to  the  start 
vector.  From  these  forms,  we  obtain  Tq,  Tj,  Tn_i,  and  T,j. 


^or  a  discussion  of  geometric  continuity,  see  Barsky  and  DeRose,  1989. 
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Step  2.  Determine  the  control  polygon.  We  can  reconstruct  the  control  points  and  knot 
vector  to  create  a  NURBS  curve.  Let  L*  denote  the  directed  line  defined  by  (Qk,  T&),  and  R/.  the 
intersection  point  of  L*_i  and  Lk  .  Then  the  control  points  can  be  constructed  by  choosing  both 
{Q*}  and  {R*},  or  only  a  subset  of  these  points.  Also,  let  t0  =  0,  tn  =  1,  and  h-]<h<ii+l. 
Then  we  choose  a  chord  length  parametrization  to  approximate  a  uniform  distribution, 
tj  =  tt _]  +  |Qi  —  Qf_i|-  The  control  points,  together  with  the  knot  vector 

t  =  defines  arational  G1  continuous,  quadratic  B-spline 

[  U  hi  hi  hi  hi  hi  J 

curve  interpolating  the  {Q/J.  All  weights  at  the  Qk  are  set  to  1;  weights  at  the  R&  can  be  freely 
chosen.  In  order  to  maintain  circular  arc  segments,  the  weights  wk  at  the  R/..  can  be  set  as  follows 
(Piegl  and  Tiller,  1995): 


1. 

2. 

3. 


If  Qm,  R/b  and  Qk  are  collinear,  set  wk=  1. 


If  the  triangle  formed  by  Qk-],  Rfc  and  is  isosceles,  set  wk  = 
(a  precise  circle  arc). 

If  the  triangle  is  not  isosceles,  set  wk  as  follows  (see  Figure  2): 

S  =  ( 1  -  s)M  +  sRfe,  and 


Qft-i  *  Qft 
2|Qyfe-l  * 


=  COS0, 


M’*=rL7> 

where  M  =  ^(Q*-i  +  Qk)  and  S  =  ^(Sj  +  S2).  Note  Si  and  S2  are  respectively  on  the  bisectors  of 

and  ZQ,_,Q,R,.  The  parameter  s  determines  the  particular  type  of  conic  section  that 
is  generated.  For  s  =  0,  a  line  segment  is  generated,  while  0  <  s  <  0.5  gives  an  ellipse,  s  =  0.5 
gives  a  parabola,  and  0.5  <  s  <  1  gives  a  hyperbola.  For  our  implementation,  described  below,  we 
chose  s  =  0.5. 


Figure  2.  Determining  the  weight  for  a  curve  segment. 

Step  3.  Exception  handling.  The  discussion  above  assumes  that  the  intersections  R*  exist  and 

that  Rk  =  Qk  +  Jk-iTk-i  and  R^  =  Q*  +  where  y^-i  >  0  and  yk  <  0.  The  following  special 
cases  occur  when  R*.  cannot  be  computed  by  intersection: 
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1 .  TVi  and  T/_-  are  parallel.  This  indicates  collinear  segments,  an  inflection  point,  or  a 
1 80°  turn  in  the  curve;  or 

2 .  If  can  be  computed,  but  y*_i  and  %  do  not  satisfy  the  above  relations.  This 
indicates  either  an  inflection  point  or  a  turn  of  more  than  180°. 

To  handle  case  1,  set  =  (Q*_i  +  Q*).  All  other  special  cases  can  be  handled,  for  example,  by 
creating  two  parabolic  segments  between  Qk  +  Q*_],  instead  of  one.  Figure  3(a)  shows  point  data 
generated  from  slicing  the  STL  file  for  a  real  part.  The  outline  indicates  the  developed  control 
polygon.  Figure  3(b)  is  the  quadratic  Bezier  based  NURBS  representation  of  these  data.  Note  that 
NURBS  curve  maintains  comers  and  straight  lines. 


(3b) 

Figure  3.  Original  CAD  data  and  developed  control  polygon  (a),  and  NURBS  representation  by 
quadratic  algorithm  (b).  (0  indicates  points  given  or  calculated.) 

4.2  Bezier  Based  NURBS  Representation 

Cubics  easily  handle  three-dimensional  data  and  inflection  points  without  special  treatment. 
We  begin  by  recalling  a  cubic  Bezier  curve’s  properties  (see  Figure  4).  Let  Po  and  P3  be  two 
endpoints,  and  To  and  T3  be  the  corresponding  tangent  directions  with  unit  length.  We  want  to 

find  two  additional  control  points  Pj  and  P2  to  construct  a  cubic  Bezier  curve,  C(f),  t  e  (0,1), 
constrained  by  a  =  IC'(0)l  =  IC7(j)l  =  IC'(1)I.  From  Bezier  curve  properties  and  the  deCasteljau 

algorithm2  (Farin,  1990)  at  t  -  the  following  relations  hold: 


2The  deCasteljau  algorithm  is  a  subdivision  algorithm  for  computing  the  coordinates  of  a  point  on  a  Bezier  curve  for 
a  given  parameter  value. 
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(7) 


pi  =Po  +  iaTo> 

P2  =P3-iaT3, 

po  =  C(i), 

pi2-po=KP3+P2-pi-T0),and 

C'(i)  =  6(P,2-P03), 

where  Pj2  and  Pq  are  “intermediate  deCasteljau  points”.  From  these  equations,  we  have 

aa1  +ba  +  c  =  0, 

a  =  16-|T0+T3|2, 

where  b  =  1 2(P3  -  P0 )  •  (T3  +  T0 ), and 

c  =  -36|P0  +  P3|2. 

Equation  8  has  two  real  solutions  for  a,  only  one  of  which  is  positive.  Substituting  this  value  into 
equations  7,  we  can  obtain  P]  and  P2. 


Figure  4.  Cubic  Bezier  control  polygon  construction. 

In  general,  a  cubic  curve  segment  C^t)  can  be  constructed  between  each  pair  of  data 
points,  Qt-i  and  Q/..  The  corresponding  control  polygon  consists  of  the  points 
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0  12  3  12 

P k  =  ,Pk  =  Q^+j.  The  control  points  and  P/7  can  be  calculated  just  as  Pj  and  P2 

above.  The  parametrization  is  set  as  t0  =  0  and,  for  a  uniform  point  distribution, 


lk+ 1 


h+  3 


p^-p £ 


This  yields  the  knot  vector 


t  t  t  t  t  t 

t  =  j  0, 0, 0, 0,  -r-,  -r- , — ,  -r-  , . . . , ,1,1,  Mr-  The  algorithm  produces  n  Bezier  segments, 

I  hi  hi  hi  hi  hi  hi  J 

each  with  speed  equal  to  1  at  the  endpoint  and  midpoints  with  respect  to  their  parameter  ranges. 
Thus,  a  C1  continuous  cubic  B-spline  curve  interpolating  is  defined  by  the  control  points 
12  12  2  1  2 

Qo,Po,Po,Pi  ,Pi  This  scheme  is  more  appropriate  for  our  contour 

representation  because  it  maintains  constant  speed  and  uniform  point  distribution  on  part  contours. 
Figure  5(a)  shows  Wu’s  example  for  his  optimal  control  algorithm  (Wu,  1992).  The  outline 
indicates  the  developed  control  polygon.  Figures  5(b)  and  5(c)  are  the  NURBS  representations 
plotted  with  100  and  150  points,  respectively,  on  the  contour.  Note  that  NURBS  curve  maintains 
straight  lines,  and  the  comers  maintained  by  putting  close  neighboring  points  at  the  comer.  Figure 
6  shows  the  same  contour  as  Figure  3,  but  with  a  cubic  NURBS  representation.  Compared  with 
the  results  in  Figure  3,  this  algorithm  gives  a  more  uniform  point  distribution. 


(a) 


Figure  5.  Given  data  and  developed  control  polygon  (a),  and  NURBS  representation  by  Bezier 

algorithm  with  100  points  (b)  and  150  points  (c). 
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Figure  6.  Cubic  NURBS  representation  of  the  contour  from  Figure  3. 

5  PARAMETRIC  REPRESENTATIONS  FROM  OTHER  GEOMETRIC  DATA 

Guduri  et  al.  (Guduri  et  al.,  1992;  Guduri,  1993;  Guduri  et  al.,  1993)  developed  an 
approach  to  obtain  an  exact  implicit  form  of  part  contours  as  piecewise  curve  segments  with  degree 
less  than  4,  such  as  conics,  or  an  approximate  implicit  form  for  higher  degree  curves,  such  as  the 
intersection  curves  generated  by  slicing  a  toms.  The  algorithm  is  based  on  constructive  solid 
geometry  input  models.  Using  the  CSG  representation,  an  object  is  represented  as  a  binary  tree 
with  geometric  primitives  ( e.g .,  spheres,  cones,  cylinders,  parallelepipeds,  torii,  etc.)  at  the  leaf 
nodes  and  regularized  Boolean  operators  at  the  interior  nodes.  These  primitives  are  first  sliced  to 
get  the  boundaries  curves.  These  curves  can  be  exactly  or  approximately  represented  by  implicit 
second  degree  curves.  Based  on  this  result,  the  parametric  form  can  be  obtained  by  Abhyankar’s 
method  (Abhyankar  and  Bajaj,  1987).  The  Boolean  operations  are  then  applied  to  the  primitive 
slices  to  obtain  the  part  contour. 

NURBS  provide  a  single  curve  form  that  can  exactly  represent  all  Guduri’ s  contours 
parametrically.  NURBS  can  exactly  represent  all  common  curves,  including  circles,  ellipses, 
parabolas,  and  straight  lines.  Additionally,  NURBS  are  not  limited  in  degree.  Generally, 
intersection  curves  between  higher  order  surfaces  can  not  be  analytically  obtained.  Parametric 
curve  representation  techniques  can  be  used  to  represent  higher  order  intersections  and  contours  to 
any  desired  degree  of  accuracy.  Many  researchers  have  focused  on  the  development  of  accurate 
and  efficient  surface-to-surface  (or  plane)  intersection  algorithms  (Patrikalakis,  1993;  Hanna, 

1983;  Lee,  1984).  Generally,  such  intersection  curves  cannot  be  represented  by  a  single  analytical 
equation.  Current  approaches  are  based  on  numerical  solutions.  The  NURBS  representation  can 
directly  use  numerical  data  to  provide  one  form  for  modeling  contours  that  consist  of  several 
connected  intersection  curves.  Note  that  the  NURBS  basis  functions  are  effective  for  only  a  few 
neighboring  spans  between  control  points.  Also,  the  amount  of  data  and  shape  of  contours  has 
little  effect  on  the  computing  performance  of  NURBS  curves. 

6  DISCUSSION  AND  CONCLUSION 

As  we  have  been  seen,  NURBS  are  generally  differentiable  up  to  degree  n- 1  between 
adjacent  knots,  and  are  n-p  times  continuously  differentiable  for  knots  of  multiplicity  p.  Uniform 
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point  distributions  are  generated  by  appropriately  setting  the  knot  vector.  Since  arc  length 
parametrization  has  been  developed  by  Guenter  (1990),  the  NURBS  representation  satisfies  Wu’s 
requirements.  Additionally,  the  NURBS  curve  has  many  advantages  for  curve  and  surface 
manipulation,  and  it  provides  a  flexible  and  adaptable  representation  scheme.  The  NURBS  curve 
form  satisfies  all  the  evaluation  criteria  outlined  in  the  section  3.  NURBS  can  approximate  given 
data  points  to  any  degree  of  accuracy  and  with  various  continuity  requirements.  The  NURBS  form 
not  only  represents  the  conic  sections  exactly,  but  it  also  has  handles  the  special  curve  features, 
such  as  comers,  and  straight  lines.  NURBS  algorithms  are  generally  stable  and  robust.  In 
geometric  modeling,  the  NURBS  form  provides  a  common  representation  for  a  large  variety  of 
curves,  with  the  resulting  unified  database  for  its  implementation.  The  only  drawbacks  of  the 
NURBS  form  are  its  extra  storage  and  overhead  compared  to  other  parametric  forms. 

In  this  paper,  we  have  shown  that  the  NURBS  parametric  form  is  appropriate  for  Wu’s 
control  method.  NURBS  curves  also  provide  a  consistent  representation  for  SFF  that  can  handle 
both  point  data  or  higher  order  CAD  data.  Successful  utilization  of  different  geometric 
representations  by  SFF  technologies  requires  the  development  of  algorithms  to  extract  and  convert 
the  geometric  information  correctly.  NURBS  can  be  used  to  represent  these  geometric  features 
unless  they  are  known  or  can  be  detected.  Additionally,  NURBS  provide  an  approach  that  can 
represent  higher  degree  contours  to  support,  for  example,  the  control  models  based  on  higher  order 
dynamics. 
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Abstract 

The  ability  to  improve  the  construction  accuracy  and/or  the  build  speed  for  layered 
manufacturing  techniques  is  demonstrated  using  a  series  of  new  techniques:  (1)  Parts  can  be 
decomposed  into  sections  which  are  constructed  in  parallel  and  then  assembled.  This  reduced  the 
build  time  and  material  waste  for  a  sheet  foam  process.  (2)  A  more  accurate  interface  based  on 
direct  slicing  of  the  CAD  model  can  be  used  to  eliminate  the  need  for  the  intermediary  tessellation 
file.  (3)  The  layer  thickness  can  be  adapted  based  on  the  part’s  geometric  complexity  to  increase 
the  surface  quality,  build  speed,  and  z-axis  accuracy. 

Introduction 

During  the  past  three  years,  the  focus  of  the  research  in  the  area  of  Solid  Freeform 
Fabrication  (SFF)  conducted  at  the  Manufacturing  Processes  Laboratory  at  the  University  of 
Utah  has  been  on  developing  new  Layered  Manufacturing  techniques.  The  results  of  this  work 
are  two  technologies  that  address  unique  aspects  of  the  Layered  Manufacturing  market. 

Shapemaker  I  (SM  I)(now  commercialized  as  JP  System  5  Desktop  Rapid  Prototyping 
by  Schroff  Development  Corporation  of  Mission,  Kansas)  is  a  desktop  prototyping  technology 
dramatically  less  expensive  than  all  other  existing  SFF  technologies.  SM  I  uses  a  plotter  equipped 
with  a  cutting  tool  instead  of  a  pen  to  create  layer  cross  sections  from  adhesive  backed  materials. 
A  software  package  allows  the  user  to  import,  manipulate,  and  slice  stereolithography  format 
(.stl)  files.  The  layers  are  registered  and  stacked  manually  using  a  construction  table  provided 
with  registration  pins.  Materials  used  currently  are:  paper,  foam,  and  vinyl  sheet  attached  to  a 
backing  layer.  The  sheets  are  readily  available  in  various  sizes.  The  plotter  cuts  each  slice, 
penetrating  only  as  deep  as  the  construction  material  layer.  The  layers  are  stacked  on  the 
construction  table  by  matching  the  registration  holes  cut  by  the  plotter  on  each  sheet  with  the 
registration  pins.  After  each  individual  layer  is  stacked,  the  backing  layer  is  peeled  off,  thus 
exposing  the  adhesive  and  providing  a  bonding  surface  for  the  next  layer.  Once  construction  is 
completed,  the  parts  are  coated  to  improve  their  rigidity  and  aesthetic  appearance  and  to  cover 
any  exposed  adhesive.  [  1  ] 

Shapemaker  II  (SM  II)  addresses  another  seldom  approached  aspect  of  Layered 
Manufacturing:  the  fabrication  of  large  scale  objects.  While  existing  SFF  devices  are  reportedly 
limited  to  a  39”  x  3 1”  x  20”  volume  [2],  SM  II  allows  the  construction  of  large  scale  prototypes 
(up  to  4’  by  8’  by  any  reasonable  height).  It  consists  of  an  electrically  heated  wire  driven  by  a 
four-axis  motion  control  device,  a  custom  software  package  that  allows  the  user  to  import, 
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manipulate,  and  slice  .stl  files,  a  pre-processing  stand  alone  device  that  ensures  the  flatness  and 
thickness  accuracy  of  the  foam  material  used,  and  a  construction  table  provided  with  registration 
pins.  The  build  material  is  foam,  which  is  readily  available  in  sheets  of  various  thickness  and 
sizes  since  it  is  commonly  used  for  insulating  buildings.  The  heated  wire  cuts  the  contour  of  each 
slice  as  well  as  the  internal  registration  holes.  The  layers  are  stacked  on  the  construction  table 
using  the  registration  pins  and  are  bonded  together  by  applying  a  thin  and  uniform  layer  of 
adhesive  on  one  face  of  each  slice.  [3] 

This  paper  discusses  several  techniques  that  have  been  implemented  or  are  in  the  process 
of  being  implemented  and  are  aimed  at  improving  the  build  speed  and  the  overall  accuracy  of 
components  manufactured  using  the  processes  described  above.  While  all  of  the  techniques 
described  in  this  paper  have  been  used  exclusively  in  conjunction  with  the  Layered 
Manufacturing  processes  developed  at  the  University  of  Utah,  their  realm  of  applicability  can  be 
extended  to  other  processes. 

Hierarchical  Model  Decomposition 

Inherent  to  the  nature  of  the  SM I  process  is  the  ability  to  decompose  an  object  into 
sections  that  can  be  built  simultaneously.  This  allows  the  operator  to  save  paper  and 
dramatically  increases  the  build  speed.  In  fact,  when  building  objects  that  are  significantly 
smaller  than  the  machine’s  build  volume  and  consist  of  mostly  solid  geometry,  SM  I  can  be 
significantly  faster  than  many  existing  SFF  technologies. 

In  order  to  complete  this  decomposition,  the  software  first  evaluates  the  maximum 
number  of  part  cross  sections  that  can  be  built  on  a  single  sheet  of  construction  material.  Next, 
the  part  is  sliced  into  a  number  of  equal  thickness  sections  and  these  sections  are  spread  out  to 
fill  the  construction  sheet.  Then,  these  sections  are  sliced  to  the  thickness  of  the  construction 
material.  The  result  is  a  series  of  plot  files,  each  containing  several  cross  sections.  The  number 
of  stacking  operations  that  need  to  be  performed  when  building  an  object  is  a  function  of  the  total 
number  of  layers,  and  the  number  of  parallel  sections.  A  theoretical  minimum  number  of 
operations  is  achieved  when  these  parameters  fit  the  “square  root”  model.  For  example,  on  a 
stereolithography  machine  a  64  layer  part  would  require  64  sequential  operations  to  construct.  If 
this  part  can  be  decomposed  into  8  sections,  the  part  can  be  built  in  a  total  of  16  operations.  (8 
operations  simultaneously  building  8  sections  and  8  operations  to  put  the  sections  together). 

In  addition  to  savings  in  time  and  materials,  parallel  decomposition  of  parts  results  in  less 
need  for  support  structures.  If  a  part  has  a  cantilever  overhang,  the  operator  can  define  a  section 
break  at  the  level  of  the  overhang.  This  puts  the  overhanging  material  flush  with  the  construction 
platform  during  the  first  stage  build.  During  second  stage  build  the  sections  are  thick  enough  to 
be  self  supporting  and  do  not  require  supports.  The  ability  to  custom  define  and  manipulate 
sections  has  helped  improve  the  accuracy  of  parts  built. 
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Figure  1.  Hierarchical  model  decomposition  with  user-defined  sections.  The  overhangs 
(mirrors)  are  built  from  largest  cross-section  up  as  part  of  the  top  section. 

Section  Orientation  Mirroring 

The  cantilever  effect  associated  with  overhang  features  is  an  issue  common  to  all  Layered 
Manufacturing  technologies.  While  most  processes  address  this  issue  by  constructing  supports 
for  the  overhang  features,  SM I  and  II  eliminate  the  need  for  support  structures  by  decomposing 
the  model  in  sections  and  mirroring  the  sections  as  necessary.  As  described  above,  all  objects 
being  built  are  first  decomposed  into  sections  with  the  user  having  full  control  of  this  process. 
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The  software  also  allows  the  user  to  mirror  the  orientation  of  any  section  such  that  all  sections 
are  built  from  their  largest  cross-section  up.(see  Figure  2)  This  unique  solution  which  allows  the 
elimination  of  all  support  structures  is  a  critical  time  saving  feature. 


Figure  2.  The  need  for  support  structures  for  this  section  of  a  lock  pad  (top)  can  be 
eliminated  by  mirroring  the  section  and  building  from  the  largest  cross  section  up  (bottom) 

Most  SFF  processes  are  accompanied  by  software  packages  which,  among  other 
functions,  automatically  generate  the  necessary  supports.  These  automatically  generated 
supports  are  often  too  few  -  causing  inaccuracies  or  too  many  -  slowing  down  the  build  time. 
The  SM  I  and  II  solution  eliminates  at  least  three  steps  that  are  required  by  most  other  SFF 
processes:  the  generation  of  support  structures  in  the  slicing  software,  their  physical  creation, 
and  their  removal  in  the  post-processing  phase. 

Direct  Slicing 

All  SFF  processes  use  as  input  an  electronic  file  generated  using  a  3D  Computer  Aided 
Design  (CAD)  system.  Since  the  CAD  industry  thrives  on  non-compatibility,  a  common 
interface  had  to  be  developed  so  that  SFF  and  CAD  could  become  fully  integrated  technologies. 
This  interface  is  based  on  the  principle  of  tessellation  or  mapping  a  triangular  mesh  over  the 
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surface  of  the  solid  model.  The  current  standard  interface  (the  stl  file  format)  was  developed  by 
3D  Systems,  the  inventors  of  the  first  SFF  technology.  Stereolithography.  [4]  SM I  and  II 
accept  stl  files  as  input  for  generating  the  slices. 

This  intermediary  step  between  the  CAD  model  and  obtaining  the  cross  sections  that  are 
used  to  manufacture  the  object  layer  by  layer  yields  a  loss  of  accuracy  since  the  tessellation  of 
any  complex  shape  is  an  approximation.  Therefore,  there  is  much  to  be  gained  by  eliminating  this 
step  and  creating  the  slices  directly  from  the  CAD  model.  Such  an  interface  was  developed  at  the 
University  of  Utah  to  work  with  Layered  Manufacturing  processes  such  as  SM  I  and  II.  This 
new  C++  based  interface  called  SLICE  uses  an  HPGL  (Hewlett  Packard  Graphics  Language) 
compatible  format  to  represent  each  cross-section.  The  HPGL  format  is  used  because  it  is 
already  supported  by  all  CAD  systems.  The  output  file  created  by  SLICE  contains  information 
on  all  the  slices  of  the  object  as  well  as  any  other  information  required  to  build  and  define  the 
object  completely.  The  following  example  illustrates  how  a  slice  of  the  object  is  represented  by 
SLICE: 

object  OBJECT  NAME 

SOLIDS  solid l,AL;solid2,Polystyrene;solid3,steel 
scale  1 
slice  #x  of  x 

Z  position  1.0500 
solid  1 

80,-60;80,90;-70,90;80,90;80,-60; 

solid2 

1 00,0;  1 20,0;  1 20,-20;  1 00,-20;  1 00,0; 


solid3 


holel 


endslice 


endobject 


Each  cross  section  represented  in  the  SLICE  format  is  divided  into  a  number  of  closed 
loops  sorted  clockwise.  Each  loop  is  represented  individually  and  it  could  be  made  up  of  any 
specified  material.  If  a  loop  is  empty,  the  designated  word  “hole”  will  indicate  that  there  is  no 
material  inside  the  loop.  [5]  A  detailed  description  of  SLICE  will  be  published  in  [6], 

Along  with  accuracy  improvements,  direct  slicing  also  speeds  up  the  process  of 
converting  the  3D  CAD  model  into  a  physical  object.  Time  compression  is  achieved  through  the 
reduction  of  pre-processing  time  and  the  elimination  of  the  all  too  common  process  of  “repairing” 
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the  stl  file,  which  becomes  necessary  because  of  the  inconsistent  implementation  of  the  stl 
translators  within  the  CAD  systems  available  on  the  market.  Direct  slicing  also  produces  files 
that  are  generally  dramatically  smaller  than  those  produced  through  tessellation  because  the  latter 
format  incorporates  much  redundancy  since  information  about  each  triangle  is  recorded  and 
shared  ordinates  are  repeated  over  up  to  five  times.  The  reduction  in  file  size  is  another  incentive 
for  pursuing  direct  slicing  as  an  alternative  to  the  stl  file  format. 

Adaptive  Slicing 

Currently,  the  focus  of  our  research  is  on  integrating  adaptive  slicing  capabilities  into 
SLICE,  the  direct  slicing  interface  discussed  above.  It  is  envisioned  that  by  adding  this  feature  to 
the  interface  the  user  will  be  able  to  optimize  the  layer  thickness  for  accuracy  as  well  as  build 
speed.  The  interface  will  make  use  of  the  cusp  height  concept,  which  is  similar  to  the  chord 
height  concept  used  by  the  tessellation  based  approach.  The  cusp  height  is  a  measure  for  the 
deviation  of  the  surface  of  a  part  built  in  layers  from  the  true  surface  of  the  3D  CAD  model.  The 
cusp  height  is  defined  by  the  maximum  gap  measured  in  the  normal  direction  of  the  true 
surface. [7]  Using  this  new  interface,  for  a  given  input  value  for  the  maximum  allowable  cusp 
height,  the  object  will  be  sliced  using  a  small  layer  thickness  to  preserve  the  accuracy  of  sections 
that  contain  complex  surfaces  and  a  large  layer  thickness  to  improve  the  build  speed  of  sections 
where  there  are  no  cross  sectional  changes  in  the  direction  of  build,  (see  Figure  3) 


Figure  3.  An  object  built  with  SM II  using  variable  thickness  layers. 


The  fabrication  of  large  scale  objects  using  a  Layered  Manufacturing  process  presents  a 
unique  set  of  challenges  as  far  accuracy  is  concerned.  The  limiting  factor  for  accuracy  in  the  build 
direction  for  most  Layered  Manufacturing  processes  is  the  thickness  of  the  slices  used.  This 
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problem  is  due  to  the  use  of  constant  layer  thickness.  If  the  distance  between  the  end  of  the  last 
layer  and  the  end  of  the  CAD  model  is  smaller  than  the  layer  thickness,  the  physical  object  will 
be  incomplete.  This  problem  can  be  addressed  through  the  use  of  variable  thickness  slices. 

Another  problem  common  to  all  Layered  Manufacturing  processes  is  due  to  the  finite 
thickness  of  the  layers.  This  problem  occurs  when  trying  to  reproduce  a  curved  surface  and  is 
referred  to  as  the  stair  stepping  effect  or  3D  aliasing.  Slices  as  thin  as  0.002”,  or  about  the 
diameter  of  a  human  hair,  have  been  reportedly  used  in  order  to  improve  the  accuracy  in  the  build 
direction.  [8]  Clearly  such  thin  layers  would  be  impractical  for  manufacturing  large  scale  objects. 
Extensive  use  of  SM II  has  demonstrated  the  need  for  using  slices  thinner  than  the  current  1” 
standard  thickness  in  order  to  improve  the  accuracy  with  which  objects  containing  curved 
surfaces  are  reproduced.  SM  II  is  capable  of  producing  ruled  cuts  -  not  just  stepped  cuts,  an 
implementation  which  has  diminished  the  stair  stepping  effect  (see  Figure  4).  Custom  angled 
edges  are  cut  on  each  layer,  forcing  the  top  of  the  layer  to  match  the  specified  upper  cross  section 
and  the  bottom  to  match  its  corresponding  cross  section.  [9]  While  this  has  improved  the 
accuracy  of  the  object  being  constructed,  it  hasn’t  eliminated  the  need  for  variable  thickness 
slices. 


Figure  4.  Current  commercial  systems  produce  layers  with  vertical  edges  (left).  Shapemaker  II 
produces  layers  with  ruled  surface  edges  (middle).  Shapemaker  III  will  produce  layers  with 

curved  edges  (right). 


Future  Work 

Our  future  plans  for  enhancing  the  Layered  Manufacturing  processes  discussed  in  this 
paper  include  the  implementation  of  software  as  well  as  hardware  changes  that  would  support 
the  use  of  non  flat  and  non  parallel  layers.  Objects  will  be  sliced  not  only  along  a  flat  but  also 
along  a  curved  direction.  The  object  will  then  be  built  around  a  non  flat  platform.  The  use  of  non 
parallel  layers  will  improve  the  accuracy  and  build  speed  of  curved  objects.  For  example,  a  torus- 
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shaped  object  would  be  reproduced  more  accurately  using  wedge-shaped  non  parallel  layers 
rather  than  the  conventional  flat  layers. 

Conclusion 

The  efforts  aimed  at  improving  the  accuracy  and  the  speed  of  construction  of  objects 
manufactured  using  the  Shapemaker  technologies  have  yielded  promising  results.  These 
improvements  have  been  achieved  through  software  that  allows  hierarchical  model  decomposition 
and  section  orientation  mirroring  for  SM I  and  optimization  of  direct  slicing  for  SM II  (the 
optimization  process  is  still  under  development).  Future  improvements  are  to  be  achieved 
through  implementation  and  use  of  non  flat  and  non  parallel  layers. 

Cost,  versatility,  accuracy,  and  speed  of  construction  are  the  top  four  concerns  with  all 
SFF  technologies.  The  order  of  importance  of  these  factors  depends  upon  the  intended  end  use 
of  the  technology.  SM  I  was  designed  with  cost  as  the  most  important  parameter.  The  price  of 
the  commercial  system  based  on  SM  I  is  $7500.  This  price  is  by  far  the  lowest  in  a  market 
where  most  systems  sell  for  six  digit  figures.  SM  I  and  II  cover  a  dimensional  range 
unprecedented  with  any  other  Layer  Manufacturing  techniques,  proving  to  be  highly  versatile. 
Parts  less  than  1  in3  have  been  built  using  SM  I,  while  parts  exceeding  90  ft3  have  been  built  using 
SM  II.  When  building  objects  with  mostly  solid  geometry  SM  I  has  proven  to  be  faster  than 
most  existing  SFF  processes,  while  building  large  scale  objects  using  SM  II  is  faster  than  using 
conventional  fabrication  techniques. 
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ABSTRACT 

The  influence  of  surface  radiation  and  natural  convection  on  sintering  of 
polycarbonate  powders  processed  under  non-isothermal  conditions  is  investigated.  These 
modes  of  heat  transfer  affect  local  powder  temperatures  and  thus  local  sintering  rates  which 
in  turn  influence  part  growth  (uncontrolled  sintering).  This  paper  presents  a  2-dimensional 
sintering  simulation  of  powder  whose  free  surface  exchanges  energy  with  the  surrounding 
enclosure  surfaces.  Modeling  is  accomplished  using  a  commercial  finite  element  code 
(FIDAP)  in  conjunction  with  a  model  for  viscous  sintering. 

NOMENCLATURE 

A  =  sintering  rate  coefficient 

C  =  Ergun  (inertial)  coefficient 

cpf  =  specific  heat,  fluid  (J/kg  K) 

Ea  =  activation  energy  for  viscous  sintering 
g  =  gravitational  acceleration  (m/s2) 

K  =  permeability  (m2) 

keff  =  effective  thermal  conductivity  (of  powder)  (W/mK) 

kf  =  thermal  conductivity  (W/mK) 

p  =  pressure  (Pa) 

T  =  absolute  temperature  (Kelvin) 

Tc  =  cold  temperature  (Kelvin) 

u,  v  =  x  and  y  velocity  components  (m/s) 
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uD,  vD  =  Darcian  x  and  y  velocity  components  (m/s) 
x,  y  =  horizontal  and  vertical  coordinate  (m) 

P  =  coefficient  of  thermal  expansion  (K'1) 

(j)  =  volume-averaged  porosity 

|ieff  =  effective  (in-powder)  viscosity  (Ns/m2) 

p(  =  fluid  viscosity  (Ns/m2) 

p  =  density  of  fluid  phase  (kg/m3) 

INTRODUCTION 

Selective  Laser  Sintering  (SLS)  is  among  the  many  Solid  Freeform  Fabrication 
techniques  presently  available.  Freeform  parts  produced  by  SLS  typically  remain  buried  in 
a  bed  of  loose  powder  until  they  have  cooled  enough  to  be  handled.  Non-isothermal 
conditions  result  in  heat  transfer  from  the  part  to  the  surrounding  powder  which  can  cause 
secondary,  uncontrolled  sintering,  or  part  growth.  Part  growth  (densification)  is 
accompanied  by  the  formation  of  gas-filled  voids  as  required  by  conservation  of  mass 
principles.  The  extent  of  growth  is  dependent  upon  local  sintering  rates  which  increase 
exponentially  with  temperature  (Nelson,  1993).  Hence,  the  ability  to  predict  the 
temperature  distribution  induced  by  various  modes  of  heat  transfer  might  aid  in  the 
development  of  thermal  control  techniques  to  produce  accurate  (minimal  part  growth)  final 
freeform  part  shapes. 

In  this  paper,  a  first  attempt  is  made  to  quantify  the  influence  of  surface  radiation 
and  natural  convection  heat  transfer  on  the  temperature  distribution  within  a  polycarbonate 
powder  under  non-isothermal  conditions.  At  steady-state,  local  temperatures  and  sintering 
rates  are  obtained  for  cases  involving  pure  conduction  within  the  powder  along  with 
radiative  and  convective  cooling  of  the  powder  surface.  These  results  are  compared  to  the 
base  case  involving  pure  conduction  heat  transfer  through  the  powder  and  surrounding  air. 

MODEL 

The  2-dimensional,  non-isothermal  arrangement  of  Figure  1  depicts  the  idealized 
scenario  under  consideration.  Two  concentric,  square,  isothermal  tubes  serve  as  heat 
source  and  sink.  The  outer  tube  is  maintained  at  180  °C  while  the  inner  tube  is  held  at  50 
°C.  The  powder  has  an  initial  porosity  of  0.5.  The  region  above  the  powder  surface  is 
occupied  by  air.  The  2-dimensional,  steady-state  temperature  distribution  within  both  the 
air  and  powder  is  determined  using  the  commercial  code  FIDAP  with  the  following 
descriptive  equations. 
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Figure  1.  System  configuration. 

The  governing  equations  for  the  pure  fluid  and  the  saturated  porous  medium  are 
given  separately.  In  writing  the  following  equations  it  is  assumed  that  fluid  flow  is  laminar, 
steady,  incompressible,  and  two-dimensional.  For  the  pure  fluid  region,  the  two- 
dimensional,  steady-state  Navier-Stokes  equations  are  used.  Conservation  of  mass  is  given 
by 


3u  3v 
—  +  —  =  o 

3x  dy 


Conservation  of  momentum  is  described  by 


3u  3u^)  3p  d  f  3uA  d  f  3u 

3x  dy  J  dx  dx\  dxj  dy  y  dy 


du  3u^|  3p  d  f  dv\  d  (  3v^  ,  . 

rir+v^J=^+^r^j+^>J+pgp(T-T*) 


Conservation  of  energy  is  expressed  as 


f  3T  3T^  d  ft  3T^  3  (i  3T 

pc  u  —  +  v —  = —  k, —  + —  k, — 
3x  dy  J  dx  V  ‘  3x  J  dy  y  3y 
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All  thermophysical  properties  of  the  pure  fluid  are  assumed  constant  with  the  sole 
exception  being  density,  where  a  Boussinesq  approximation  is  used. 

For  the  saturated  porous  medium,  a  Brinkman-Forchheimer  extended  version  of  the 
Darcy  model  is  used,  as  discussed  in  Beckermann  et  al.  (1987)  and  Kaviany  (1991).  It  is 
important  to  note  that  the  velocities  within  the  saturated  powder  are  Darcian,  or 
volumetrically-averaged,  velocities.  Conservation  of  mass  within  the  powder  is  given  by 


5ud  ,  dvo 

dx  dy 


=  0 


(5) 


Conservation  of  momentum  within  the  powder  bed,  given  by 


dp  d  , 

0  = - —  + -  Li 

dx  dx ' 


3u, 


+  • 


5uD  '  f 


dxj  dy\:aidy) 


U  Vic™ 


and 


dp  d 
0  =  — -  +  — 
dy  dx 


f  8v  d  ' 

\  d  1 

f 

3vDN' 

(f-  3x  , 

)  +  ^l 

M-cfi 

dy  > 

+pgP(T-T,)-(|  +  ^^ 


(6) 


(7) 


incorporates  the  Brinkman  extension  (the  second  and  third  terms  in  the  above  equations) 
and  the  Forchheimer  extension  (the  last  term)  to  account  for  viscous  and  inertial  effects. 
Conservation  of  energy  is  described  by 


PCnf 


3T  g)T 

- !"  Vn -  I 

dx  dy  J 


d_f  dr)  d_f  drf' 
dx  V  cn  dx  J  dy  K  cfl  3y  j 


(8) 


All  thermophysical  properties  of  the  saturated  powder  are  assumed  to  be  constant,  with  the 
exception  being  a  Boussinesq  approximation  for  the  air  density.  Permeability  of  the  powder 
was  measured  to  be  1.5xl0~10  m^,  as  described  in  Norrell  (1996).  For  the  saturated 
powder  jieff  and  keff  are  effective  air  viscosity  and  thermal  conductivity,  respectively.  It 
has  been  found  previously  by  Neale  and  Nader  (1974)  that  using  Feff=Ff  within  the 
Brinkman  extension  provides  good  agreement  with  experimental  data.  A  simple  weighted 
average  given  by 


kcfr  =  4>kf  +  (l  -  4*)ks 


(9) 
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is  used  for  the  effective  thermal  conductivity.  The  C  term  in  the  Forchheimer  extension  is 
the  inertia  coefficient  given  in  Ergun  (1952)  as 


C  = 


1.75 

VT75( 


-3/2 


(10) 


Radiation  view  factors  between  the  (radiatively  black)  powder  and  surrounding 
(black)  surfaces  are  determined  using  the  Hottel  crossed-string  method  to  obtain  view 
factors  at  each  powder  surface  node  (Seigel  and  Howell,  1981).  The  radiative  fluxes  on 
the  exposed  powder  surface  are  calculated  and  mapped  into  FIDAP  as  heat  flux  terms. 
Interparticle  (within  powder  bed)  radiation  exchange  is  neglected  here. 

The  model  for  viscous  sintering  is  obtained  from  Nelson  et  al.  (1993) 

— d<J>  /  dt  =  K'  -(<j)  -bj  (11a) 

where  the  coefficient  is 

K'  =  A-(-Ea/RT)  (lib) 

The  activation  energy  (Ea)  and  other  powder  properties  are  also  obtained  from  Nelson  et  al. 

(1993).  The  sintering  rate  coefficient  (A)  used  in  this  study  is  obtained  from  Kandis  and 
Bergman  (1996). 

Solid  shapes  are  estimated  based  upon  the  predicted  steady  state  temperature 
distribution  in  the  powder  using  an  original  consolidation  model  which  is  described  in 
detail  in  Kandis  and  Bergman  (1996).  In  short,  the  powder  domain  shape  evolves  in  a 
stress-free  manner,  with  local  sintering  rates  inducing  2-dimensional  solid  phase  velocities 
which  are  then  integrated  in  time  to  yield  the  final  powder  region  shape. 

RESULTS 

The  pure  conduction  temperature  distribution  is  presented  in  Figure  2a.  Isotherms 
are  separated  by  10°C  in  all  figures.  The  isothemis  in  the  powder  and  surrounding  air  are 
roughly  circular  in  shape  with  a  discontinuity  in  slope  at  the  powder  surface.  The  highest 
sintering  rates  occur  in  the  hottest  regions  (near  the  outer  tube).  Less  sintering  takes  place 
near  the  central  region  of  the  powder  surface  where  temperatures  are  lowest.  The  final 
predicted  part  shape  as  a  result  of  part  growth  is  shown  in  Figure  2b.  This  figure  is 
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obtained  by  integrating  local  sintering  rates  in  time  for  a  period  of  6  hours.  The  part 
contains  a  vertical  crack  in  the  center,  surrounded  by  a  shallow  trough  or  semi-circular 
ditch.  Crack  formation  is  due  to  the  migration  of  the  solid  phase  toward  rapidly-sintering, 
warm  powder  regions. 


(a)  (b) 

Figure  2.  Temperature  distribution  and  final  part  shape  for  conduction  only  case. 

The  temperature  distribution  and  final  part  shapes  for  the  case  involving  conduction 
and  radiation  are  presented  in  Figures  3a  and  3b.  The  shape  and  general  features  of  the 
isotherms  are  similar  to  the  pure  conduction  case,  especially  in  the  air  gap  region.  Within 
the  powder,  temperatures  decrease  in  the  central  region  but  increase  slightly  to  the  left  and 
right  of  the  center  tube  relative  to  the  pure  conduction  case.  Higher  sintering  rates  near  the 
outer  tube  provide  for  larger  solid  phase  velocities  toward  the  sides.  Decreased  sintering 
rates  in  the  central  region  result  in  low  porosity  powder  extending  further  into  the  bed 
(toward  the  bottom  wall).  The  net  result  is  a  small  decrease  in  the  overall  part  growth  or 
part  size  relative  to  the  previous  case. 
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Results  from  a  sintering  experiment  (6  hours)  of  polycarbonate  powder  under 
identical  conditions  are  presented  in  Figure  5.  The  sintered  part  has  a  solid  and  smooth 
texture  along  the  bottom  and  sides  (regions  exposed  to  the  hot  outer  tube)  while  the  inner 
surface  displays  a  soft,  flaky  appearance.  Although  not  discernible  from  the  photograph,  a 
fine  crack  in  the  center  of  the  trough  mns  axially  along  the  length  of  the  test  specimen. 
Qualitatively,  the  part  shape  compares  well  with  the  shape  in  Figure  4b. 


Figure  5.  Experimentally-grown  part  shape. 


CONCLUSIONS 

The  results  presented  in  this  study  indicate  that,  for  the  material,  geometry  and 
thermal  conditions  considered  here,  surface  radiation  heat  transfer  has  little  effect  on  the 
temperature  distribution  and  powder  sintering.  Only  a  marginal  decrease  in  part  growth  is 
obtained  with  the  inclusion  of  radiation.  In  contrast,  natural  convection  (which  may  occur 
in  large,  buried  voids  which  form  in  response  to  bed  consolidation  associated  with  part 
growth)  can  modify  temperatures  and  sintering  rates,  in  turn,  affect  part  growth. 
Comparison  with  experimentally  grown  parts  shows  the  influence  of  natural  convection  to 
be  the  more  significant  factor  in  determining  part  shape  and  growth. 
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